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construct ion period. Objectives: of this research program are to develop tech-

nique0s to milliliiv an d coiit r IsCoIIr during nearshore construction, and to
predict the probable magniitudle of scour that may result as a function of cur-

rents 3i01 wave climiate. IOIIO phase of the research program is development of
numleri cal techniques (Inicorporating both refraction and diffraction effects

*nea r tfile stLruc t ure ) f or c ompuil itg wa ve- induced velIoc it ies , t idalI cu rren ts , and

wave heights in the vicinity of structures, and applying these results to de-

termine sediment. tranrsport lot the hott-om material at the particular site.

The present state of nearshore current and wave theories has reached the
*point where detailed experimental invest igat ions are required for the verifi-

cat ion ot analytical (leveiaipmflets ind] numerical models. To provide a founda-

tioni for further advanicemienlts, a simple beach profile consisting of straight,
uniiform contours parallel with the shoreline was experimentally studied by
Hales (1980). A shore-connected, vertical, thin, impermeable barrier (break-

water) was installed perpendicular to the shoreline to simulate prototype

jetties andi breakwaters commonly occurrin ln aycat.Teproeo
the present stuldy is to extend the previous work of Hales (1980) by installing
a shore-connected, vertical, thin, impermeable breakwater at a 60-deg angle to
the shoreline to simulate a larger range of prototype jetties and breakwaters

in) existence at the present time. Experimental measurements of refraction and

diffraction downoast of this oblique structure were made to obtain quanitita-
ive knowledge of this phenomenon In the lee of the Jetty or shore-connected

breakwater. These data were then compared with the u:.iformiy valid asymptotic
theory of Liu, Lozano, and; f'attizards (1979) for the same arrangement .

The niumeri cal model for determining wave heights downcoast of a straight

breakwater at an aingle t,, the shorelIinei uniler comb i ned refraut ion and diftfra c-
t ion, bdSt-fl On thein lli fOr-Mlv Vilid asymptotic theory, was obtained by cont ract
with Dr. Phil ip Liu, Corleil U riivers ty. Because thet urniformly valid asymp-
totic theory is, develIopel rum! tie ,mil amp Iit ,ie wa i 'c s s lilht ions, the ef -

fort of .vring thle ic iden-, %-ve height on the wavt-ltei ght ampl ificat ion far-

t(or, I/If was iinvestitgateld. The theory and exper imenitalI data were found to

*compa re favorably for .ill wav, tie ight s tes;ted in the shadow zone, but diverged

* with inc rease in inc ideii wa',e hiei ght farther Iiowncoast. out of the shadow

Zoe.Wh ilIe t he unI .rmlIy ,I :I ( asymptoti c t heory i s fa r uerortodIFfac
L t ont theory a t uie uinfe I- these cond i t I otis , idI i t I (00a I numer icalI work shoul1d
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The study reported herein w s ,ittiru'.1 is n '

Research and Development Prgian h,. the t.If e , c'hi,.i t ft .

US Army. This particiilr 'ork uni , Fts., t I ,

tion, is part of the lmprovement of &)prt ijin, i I'Ia i i t , ' '

(IONT) Program. Mr. James L. Gottesman was the tI1.,hi i , 'I i

IONT Program during preparation and publication of ths rep-.t

This study w.s conducted during the period Il.iv I I ' tIh: "'I

tember 1981 by persorinel if the Hvdraiil i s l.aborativ, tht - . ,

Waterways Expt-riment Stat ion (WES iiter the gene .l supt Ivi- ,p I f

Mssrs. H. B. Simmons , Chiet of the Ilydraul ics l.a irat jtry; . A !1,. 1! 1,,I . I

Assistant Chief of the Hvdraul ics Laboratory; R. A. Sager, C li t- I ,t t .f t iit -

iries Division and IOMT Program Manager; Dr. R. W. Whalin, former ClIti t I ,tic

Wave Dynamics Division; Mr. D. 1). Davidson , Chief of the Wave Resi.r h Br it, h;

and Dr. J. R. Houston, Research Engineer and Principal Investigator tir th,'

Erosion Control of Scour During Construction work unit. The Wave l)vi.iIiIr is Di -

vision was transferred to the Coastal Engineering Research Center (CERC.) of

WES on 1 July 1983 under the direction of Dr. R. W. Whalin, Chief, and

Dr. L. E. Link, Jr., Assistant Chief. Dr. L. Z. Hales, Research Hydraulic En-

gineer, Mr. K. A. Turner, Computer Spc ialist, Ms. M. L. Hampton, Computer

Technician, Mr. R. E. Ankeny, Computer i[echni cian, and Mr. K. M. Strausbaugh,

Civil Engineering Technician, performed the experimental portion of the study*o l
descrihed herein. The numerical model for determining wave heights downcoast

of a straight breakwater at an angle to the shoreline under combined refrac-

tion and diff'raction, hased on the unitormly valid asymptotic theory, was ob-

tained hy contract with Dr. Philip Lifu, Cornell University. Dr. Hales pre-

pared this report.

Commanders and Directors of WES during the conduct of this investigation

ani the preparation and piliication of this report were COI. Nelson P. Conover, .-

CE, alt(1 CHL. lilford C.. re e, CE. eThnti.'al Director was Mr. F. R. Brown.
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EROSION CONTROL OF SCOUR DURING CONSTRUCTION

EXPERIMENTAL MEASUREMENTS OF REFRACTION ANlD DIFFRACTION

DOWNCOAST OF AN OBLIQUE BREAKWATER

PART I: INTRODUCTION

Statement of the Problem

- -1. When major structures are erected in the coastal zone, they alter

currents that are in dynamic equilibrium with the existing bathymetry. These

altered currents may change the existing bathymetry. In addition, waves break-

ing on the new structure will cause bottom material to be suspended and trans-

* ported from the region by longshore or other currents. This removal of mate-

rial from around structures is often not compensated by an influx of additional

material; the result is scour, or erosion, that usually develops along the toe
of the structure. In order to ensure structural stability, the scour area must

be filled with nonerodible material (sufficiently stable to withstand the en-

vironmental forces to which it will be subjected). This may result in addi-

tional quantities of material being required during construction that can po-
- tentially be very costly. To minimize potential cost increase due to scour

* during construction, it is necessary to quantify the probability and ultimate

extent of potential scour during the scheduled construction period.

2. Effective, comprehensive, and low cost procedures do not exist for

eliminating scour during construction in the nearshore environment. Determina-

tion of potential alternative procedures is seriously hampered by the inability

to predict the extent of potential scour. Objectives of the Erosion Control

of Scour During Construction research program are to develop techniques to

* minimize and control scour during nearshore construction, and to predict the

probable magnitude of scour that may result as a function of currents and wave

climate. One phase of the research program is development of numerical tech-

-niques (incorporating both refraction and diffraction effects) for computing

* the wave field in the vicinity of structures.

* 3. The present state of nearshore current and wave theories has reached

the point where detailed experimental investigations are required for the

verification of analytical developments and numerical models. To provide a

4



firm foundation for further advancements, a simple beach profile consisting of

straight, uniform contours parallel to the shoreline was experimentally

studied by Hales (1980). A shore-connected, vertical, thin, impermeable bar-

rier (breakwater) was installed perpendicular to the shoreline to simulate

prototype jetties and breakwaters commonly occurring along many coasts. This

single jetty (shore-connected breakwater) simplified the experiment, facili- ~ .~!

tated direct comparisons with numerical model results, and provided greaterA

understanding and insight into the phenomenon of wave-height variations down-

wave of a breakwater than would a more complex geometry.

4. Analytical models of wave fields surrounding shore-normal break-
waters have been developed based on asymptotic theory and the parabolic ap-
proximation (for example, Liu and Nei 1975, 1976; Liu, Lozano, and Pantazaras
1979; and Lozano and Liu 1980). These analytical models have been compared .
with the experimental data of Hales (1980) by Liu (1982) and Tsay and Liu
(1982), and the overall agreement between theory and experiment was considered
to be good. Knowledge of these important phenomena can be used as the basis
for advanced studies of sediment movement around major structures under com-
bined effects of refraction and diffraction, when the structure is oriented
perpendicular to the shoreline.

Objective and] Scope of the Study

5. The objective of the present study was to extend the previous cxperi-.

mental work of Hales (1980) by installing a shore-connected, vertical, thin,

impermeable barrier (breakwater) at a 60-deg angle to the shoreline to simu-

late a larger range of prototype jetties and breakwaters in existence and to

* test a new theory of waves in the lee of a structure. The experimental mea-

surements were made to obtain quantitative knowledge of combined refraction-

* and diffraction in the lee of a jetty or shore-connected breakwater. These

* data were then compared with the uniformly valid asymptotic theory of Liu,

Lozano, and Pantazaras (1979) for the same arrangement, thus providing verifi-

4cation data for this numericail approximation which has not been previously0

available. This report presents details of the experimental investigation to

* measure combined refraction and diffraction in the lee of a jetty or break-

water. A literature review of the theory of- refraction and diffraction is

presented. In addition, a new uniformly valid asymptotic theory of combined
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PART 1I: EXPERIMENTAL INVESTIGATION

per imental Layout

6. This study to investigate wave heights downcoast of an obliquely

oriented shore-connected breakwater or jetty under the combined effects of

refraction and diffraction was conducted in the experimental facilities of

.. the US Army Engineer Waterways Experiment Station (WES). The experimental

arrangement, which was molded in cement mortar, consisted of a 50- by 60-ft*

area, with a water depth of I ft in the open-ocean region (Figure 1). The

EXPERIMENTAL FACILITY LIMIT" 
•

SCALE

5FT

* EL 0.0 MWL

WAVE GAGE ARRAY
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/
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< ALONG <UJ WA VE FLAT (EL -1.0) UJ
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ID V e O GUINE

~ALONG
W WAVE
H ORTHOGONAL

FLAT IEL -1 0O1

* ~~______50FT _ _ _S

Figure 1. Experimental layout

, A table of factors for converting US customary units of measurements to
metric (SI) units is presented on page 3.

*|
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9. The ADACS are capable of automatically calibrating the wave sensors,

controlling wave generators, acquiring data from the sensors at a high sampling

rate, and analyzing test data. Data are taken and recorded on disc or magnetic

tape for direct analyses by the minicomputer system or on magnetic tape in a

format compatible with a Honeywell DPSI for backup analyses. Automatic cali-

bration of wave sensors has reduced the time required to calibrate the sensors

by a factor of four. In addition, several times the number of tests can be

run during a day with test results analyzed at completion of model tests by 0

minicomputer. The system configuration (Figure 2) of ADACS consists of the

following subsystems: (a) digital data recording and controls; (b) analog re-

corders and channel selection circuits; (c) wave sensors and interfacing equip-

ment; and (d) wave generators and control equipment. 0

Wave sensors

10. The data acquired from wave experiments are the water-surface

DIGITAL EQUIPMENT

_i MULTIPLEXER
AND BT CENTRAL MAGNETIC DS

I ANALOG TO BIT PROCESSING TAPE DISK
DIGITAL PACKS UNIT HANDLERS CONTROLLER

CONVERTER
LINES SELECTED

FOR DISPLAY AND DIGITALRECORDINGr OUTJPUT

1 4 STRIP CHART CONTROL

CIRCUITRY REOD S

CHANNEL TELETYPEWRITER
SELECTION
CIRCUITRY WAVE STAND

STATUS LIGHTS

WAVE ROO AND
POTENTIOMETER .
LINE PAIRS FOR DATA TA

EACH WAVE STAND CONTROL LINES WAVE STAND PROGRAMS

WAVEROD TO WAXA CONTROLTEST
SIIGNAL ROD SANDS CIRCUITRY PARAMETERSAMPLIFIER__ __

CALIBRATION POTENTIOMETERSIGNAL

WAVE STAND WAVE
GENERATOR

4Figure 2. Suhemat of components of ADACS 5
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variations about a reference

water level. This informa-

tion is collected at selected

" .geographic locations within

the experimental facility for

specified wave conditions at

the generator. Wave sensors

are used to obtain this in-

formation at selected loca-

tions in the facility. Each

of the water-surface-piercing,

parallel rod wave sensors is

connected to a Wheatstone

bridge, and a transducer mea-

sures the conductance of the

water between the two paral-

lei rods that are mounted

vertically (Figure 3). The

conductance is directly pro-

portional to the depth of

submergence of the two rods

in the water. The output of

each wave sensor is routed

through shielded cables to

its signal conditioning

equipment where it is pro-

cessed for recording. The
" ,itions to an accuracy of 0.001 ft.

iplies and good signal-to-noise

he wave sensor bridge maintains

e elevation data in millivolts

sensor must be calibrated. The

sens()rs (maximum of 25 rods
. i ded by AI)A(S. To cal ibrate

• . .. -.. . .. _ ., . -. .. . . .,•



each set of paralIe! rods, the voltage from the signal condit ioning equipment

is monitored and recorded as the parallel rods are moved verticall\ a known

distance into or out of the water. A precision, 1 inear-posit ion potent iometer 

is located on the wave seu.;or stand and is coupled directly to the parallel

rods by a gear train driven by au electric motor. By moving vertically the

coupled wave sensor .and potentiometer with the electric motor and by monitor-

ing the output voltage from the potentiometer, the wave sensor can be moved

vertically a precise distance. The electric motor for each wave sensor is con-

trolled by a control/sense line jnd a relay contact. The minicomputer controls

the vertical movement of e'ach wave sensor by actuating the control/sense line.

The central processing unit acts as . voltage comparator by monitoring the po-

tentiometer voltage ind comparing it with a reference voltage which is deter-

mined from desired displacement and potentiometer calibration. When the

volta:,e comparison is satisfied, the control/sense line is reactivated, the

electric motor stops, and voltage samples from the rods and potentiometers are

acquired. By systematically moving each wave sensor through 11 quasi-equally

spaced locations over the range of rod length used, voltage versus known dis-

placements are obtained from which a calibration curve for each sensor can be

calculated and recorded on magnetic tape or disc. After collecting the cali-

bration data, the minicomputer analyzes these data by least-squares fitting a

set of curves (linear, quadratic, or spline) to the data, determining the best

order of fit, and comparing the maximum deviation of the best fit with a pre-

viously acceptable value for this maximum deviation.

Data acquisition and aria lvsi s

12. During the acquisition mode, wave data for a specified wave condi-

tion at the wave generator are collected from a maximum of 50 wave sensors,

recorded on analog strip charts, digitized, and recorded on magnetic tape or

disc for further analyses. The sampling scheme is flexible and can be tailored

for different applications with maximum throughput rates theoretically limited

by the multiplexer rate and allocatable biffer size. The sampling scheme used

in this investigation was 60 discrete voltage samples equally spaced over eath

wave period for a predetermined number of 90 wave periods for each of the sen-

sor locations. The minicomputer calculated from input parameters the lag at

the beginninrg of data acquis ition by 10 wave periods after starting the geu-

erator, provided t iminrg pl:,s for synchronizing and (ontrolling the retordcr-s,

and determined (ompletion ,f the test. The determin ti, n (if the height ()f

.......................... . 7" " -- "-



each wave of the monochromatic wave train was performed (at each sensor I oca-

tion), the average of these 90 individual heights was calculated, and the-

standard deviation of these individual observations about the mean was com-

puted. The value ultimately determined as the wave height it each sensor lo-

cation was this mean valuie plus or minuis one standard deviation

WveLaaeLocations- j
13. The wave-height dr ta dowocoast of the( experiimerLita I reak%-ittr Itat

was positioned at a 6C-deg angle w it thre shorel ine were olit~i I tied by olociat 111)4I

36 wave-height sensors simultaneously for eajch test oridi tion. Two oI thcse -

wave-height sensors were I oral el- ill thet deeper wi.t tr ( I it deepl) near the ,Iv

generator to ascertain the initial generated waive hci ght .Vhle remalliillg S4-

sensors were positioned along four lines paraillel ,itli the shorel it at dits-

tances of 6, 8, 10, and 12 ft from the shorel ine (F'iguire 4) ; the( s t illI-watder

depths at these four sections were O.J, 0.4. ().), ajnd 0.6 ft, respectively.

The wave gages were p laced ott a suipporting pI it lorm such t hat only the wave

sensor probe peniet rated the water surface, Llthele eliintating any local dis-

turbance caused by inist rument st ands touch inrg thet watter surface. A dry bed

photograph of the expert menta I tactl i tv w ith thet experimental breakwater in

place i s showti in F"igure 5 .

14. Int order to, cupire xurlnii results %,ith nrumerical or anialyti-.-

cal invest igat ions ,it is. >stv t hive g,, )d hi irtit iott of the experimental

da ta. 'te 34 Waive-height seits(rs ,erc iii t id lv 1 pliel.j c at -I-. L intervals along

01 ~t het f ouir s ecut j i ts pajral le I C w it h th st h or t i itit .iii Ltek onip lete set of experi -q

mentalI data was ob)ta i tied gitgi a rrigemiit No . I * F gilt e t ) .To p)r ov ide .a

more dense data d i spi iv , the ent ire phvs t c-iIal inattgcmitt the wave sensors,

was di splIacedI latea~l v a long thie touir srt'tion lintes f or a distance of I ft,

ntd the same set ot wajve data (pet-iodl and bet ghLt Cwas repeated. I hit sconld

test intg a rrangemuent is shown as gajge atrraymgiiit No . , Itit 7. .Al I dat a

from these two gage a r ringetritts tesi I t ed ini a dat aj ,(t t ha t presented Ldie,

wave hieights a t 1 - ft inclk relicrit s alIong te fttour sect i ois wit 1(Ich run pa rn I e

with the shoreline , w ith Lte da ta extend i g f corn ve ry nea r thle b)reajkwa t er deepI

L in the shadow zonie aitd ext end inrg across the cngi en %,he ci' the' waves exper'once-

both refract ion aid( di t ract ion. These pre m se experimuenits provide (Lita that

dei lte thie wave hitght dowitcoa1st of tlit stcimcL~t(i 111id (arit hie used for compa Ti -

Sot wi tht iimetical1 or irmilvf U a I stujdies of the samle (oricept .

12



~~~~Elev -0.3 ft Dit n e f m h.. i. . ft _

IS

0 't 0

-0.5 ft Distance from Shoreline 10 ft
60 90

-0.6 ft Distance from Shorelie 1

60o 60

I

00

Parallel with Shoreline 60 900

30 14 Breakwater Tip Elev = -0.75 ft

/ 0

010

Figure 4. Experimental layout showing location of four sections

parallel with shoreline along which wave-height sensors were S
positioned
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PART III: LITERATURE REVIEW OF COHINED
REFRACTION AND DIFFRACTION

15. The approximate solution of wa,er wave refraction caused by a vari-

able bathymetry is well kno.:n and can be derived by assuming that bottom re-

flections are negligible or by the more rigorous Wentzel-Kramers-Brillouin

(WKB) approximation. The e'act solution for the diffraction of surface waves

by vertical barriers of simple cross section in water of constant depth also

is well known (being analogous to classical problems of physics). However, an

analytical theory for the practical case of combined refraction and diffrac-

Lion has not been completely developed. Tf,. present engineering practice for

determining wave heights under this condition is a qtepwise procedure (Dunham

1951, Liu and Mei 1976, US Army Coastal Engineering Research Center 1977).

The procedure involves the following steps: (a) calculate refraction effects

up to the barrier (jetty or shore-connected breakwater); (b) calculate for a

"few" wavelengths the effects of diffraction, assuming a constant water depth;

and (c) beyond this region calculate the refraction effects only. This pro-

cedure is obviously imprecise, and Mobarek (1962) indicates that the method is

suitable only for intermediate water depths. In addition, Whalin (1972)

states that this procedure is only valid for small refraction effects.

Water Wave Refraction

16. In intermediate and shallow water, the phase speed of a surface

gravity wave depends on water depth. Since wave celerity decreases as depth

decreases, phase velocity varies along the crest of a wave propagating at an

angle to underwater contours because that part of the wave in deeper water

moves faster than that part in shallower water. This variation causes the

wave crest to bend toward alignment with the contours. This bending effect

due to changes in bottom topography, called refraction, depends on the rela-

tion of water depth to wavelength, d/L , and is analogous to refraction of

other types of waves such as light. A basic assumption in wave refraction

theory is the conservation of energy between wave orthogonals (i.e., no dif-

fraction of energy along wave crests). The change in wave direction of dif-

ferent parts of the wave results in convergence or divergence of wave energy

and materially affects the forces exert-', by waves on structures and of the

17
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wi th the method of (oise rvat ion of energy flux. It is assumed that the wave

is simply harmonic in timef. I'he first, third, and filth orders of approxima-

tion were kompa,,red with each other and with experiments. The differei es he-

tween the predictions of w.ivu-height (hanges based on the three orders of ap-

proximation were found to b- small, on the order of 5 percent. For pract i ta I

purposes, the thi rd-order Lheory was found to give reliable results. The

third and fifth order Stokes' theories are based on a series expansion in

3 5terms of H/I, where terms of the order of (H/L) and (H/L) , respectively, -

are retained and higher order terms are neglected. It should be noted that

this theory is based on an expansion in term of the wave steepness, 1/l. , a rid

consequently can he expected to better approximate limit.-,, steepness waves in

deep water. lowever, it cannot be expected to adequately predict wave c~iarac-

teristics in shallow water, since water depth is not a parameter in the series

expansion. Thus the theory is a finite amplitude deepwater wave theory.

20. In cases ot limiting shallow water, the wave conditions are nearly

independent of wavIength, ind the important parameters are water depth and S

the ratio of wavfo height to water depth. Keulegan (1950) showed that Stokes

waves are most ,,early valid in water deeper than about d/L > 1/8 to 1/10

In shallower water, cnoidal wave theory appears to be more satisfactory, and

Masch (1964) investigated the problem of wave shoaling using cnoidal wave 0

theory wi th the formulas deve loped by Kel I egan and Patterson (1940) . Masch

1904 ) ass timed hyd ros tati pressure di st r ihut ion and neglected the convect i e

inert ia term iit his express ion for the ene rgy flux . The thi rd and f i fith ordrr

cnoital theories are based on a series expansion in terms of ll/d , where

terms ot the order oft (f/d] and (H/d) , respectively, are retained and

higher order terms neglected. It should be noted that this theory is based on

an expansion of the relative wave height (H/d) and can be expected to better
approximate the wave form in shallow water. However, it cannot be expected

to do a very good job of approximating the wave form for limiting steepness

waves in( deep water. In that case, water depth is unimportant and wavelength

is crucial. This theory could be considered a finite amplitude intermediate
and shallow-water theoy. S

21. A technique of 'asymptotic expansion" was applied by Mei, Tlapa,

and Eagleson (1968) to water wave propagation over an uneven bottom that has

straight and pjrallel ont iirs .Attent ion was focused on the establishm,'nnt of
a rigorous scheme of successive apprtximation for higher order corrections.

Il'
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g = gravitational constant, 32.174 ft/sec

k = wave number, 2n/L , 1/ft

d = local water depth, ft

a = local wave amplitude, ft

The second derivative of the wave amplitude in the horizontal plane is given by

a or a The rate of power transmission P , or energy flux, was deter-
xx yy

mined to be:

1 2 a xx + a".1

PAb = pga n w Ab) I + a (2)

where

Ab = wave ray spacing, ft

p = fluid density, lb-sec 2/ft
4

n = ratio of group velocity c , to phase :elocity c , dimensionless
g S

w = angular frequency, 27t/T , I/sec

Define:

6 ( a (3

The commonly used existing procedures (Dunham 1951, Liu and Mei 1976, CERC

1977) for construction or computation of refraction diagrams utilize phase

speeds that are obtained by neglecting 6

23. Battjes (1968) examined the omission of 6 from a qualitative

standpoint. In an area of strong local convergence, omission of 6 from Equa-

tion I results in underestimating the local phase speed. The result is that in

Equation 2 the ray separation Ab will be underestimated. Thus there are gen-

erally two contributions to the error that results in the computed wave ampli-

trude a . However, these two contributions are of a different nature because

the effect on the wave pattern of using an incorrect value for the phase speed

is cumulative, whereas the effect on energy flux is local. In any case, the

omission of 6 will generate wave heights at variance with the height inferred

from refraction diagrams based on linear small amplitude wave theory which ne-

glects the effects of wave-height gradients along the wave crest, so that it

would appear that energy had been transferred across orthogonals. An estimate

0 of the magnitude ot 6 has been approximated by Batt~jes (1968) for four 0

21
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distinctly di fterent cases. For simple shoalinig, the amplitude vaJries only in

the direction A. wave propagation, and for shallow water the variation was:

6 8 10 )%2 (4) 6

where

L = local wavelengths

s = bottom slope 0

For short-crested waves where the distance along the wave crest is two or three

times the wavelength. 6 = -20 percent or -10 percent, respectively. For the

case of diffract ion around a semi-infinite breakwater, 6 was found to reach

values between +10 percent and -10 percent at points a distance of one wave-

length from the breakwater tip, decreasing inversely proportional to the dis-

tance from the tip. For the case of diffraction through a gap of width two

times the wavelength, 6 was evaluated in a few points on the center line of

the gap where it was found to reach values of 25, 7, and 3 percent at distances

of 1, 2, and 4 wavelengths, respectively, from the gap.

Water Wave Diffraction

24. Diffraction of water waves is the phenomenon by which wave energy 0

propagates into the sheltered lee of structures even in the absence of bathy-

metric refraction. In these situations, wave crests bend (even in constant

depth water) and gradients of wave height exist along the wave crest. This

phenomenon is most visible when a train of regular waves is interrupted by an

obstruction such as a jetty or shore-connected breakwater. The theory of water

wave diffraction can be explained by Huygens' principle. Each point of an ad-

vancing wave front (wave crest) may be considered as the center of a secondary

circular wave which advances in all directions. The resultant shape of the 0

crest is the envelope of all these secondary waves. In a str-iight-crested wave

train, the envelope of the secondary waves is a straight line also. When the

wave passes an obstruction, the energy intensity at a certain point is a vector

combination of all the circu'lar waves emitted by every point of the passing •

wave train.

25. Sommerfeld (1896) presented a solution for the diffraction of light -'

waves past the edge of a semi-infinite screen. Penny and Price (1944) showed

that this is also the solution of the water wave di tfraction problem at the 0

0 0



9 =0

..
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Figure 8. Definitive sketch, wave diffraction
around a breakwater

end of a semi-infinite obstacle such as a jetty or shore-connected breakwater.

This exact solution of the surface elevations behind the breakwater is applica-

ble only to water of constant depth and waves of small amplitude. Putnam and

Arthur (1948) summarized the solution of Penny and Price (1944) for the de-

finitive sketch of Figure 8. In cylindrical coordinates, the water-surface

elevation is:

e i---ikct cosh kd F(r,0) (5)

where

water-surface elevation, ft

i square root of -1 S

and the other symbols have been previously defined. F(r,O) is a function

which satisfies the wave equation in cylindrical coordinates:

2l

8F + I + 
8 F 2 8 F + k2 F = 0 (6) 0

2 r Dr 2 2
3r r 80

In the presence ot a jetty or breakwater, the boundary condition is imposed

so that the normal component of the fluid velocity is zero along the

breakwater, leading to the solution.

23
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U
1

r i[(r/4)-kr cos (0 -0)] / _(inu2/2) dF(r,0) e e7 du

V2 I

i[(7/4)-kr cos (0 10)] f 2
+ -1 e e-iU 2 du (7)

u =4 -l sinj (0 +0) (8)

Bretschneider (1966) has presented computational procedures for evaluating the

diffraction coefficients at arbitrary points behind jetties or breakwaters.

26. Wiegel (1962) developed a graphical procedure for determining dif- S

fraction coefficients of waves passing the tip of single breakwaters. The

family of diagrams shows, for uniform water depth, lines of equal wave-height

reduction displayed in terms of the diffraction coefficients. The diffraction

diagrams (typical example, Figure 9) are constructed in polar coordinate form 0

centered at the strlcture tip. The arcs behind the breakwater are spaced

one radius-wavelength unit apart so in application, a specific diagram must be

scaled up or down so that the particular wavelength corresponds to the scale

of the hydrographic area under investigation. The set of diffraction diagrams •

of waves passing the tip of a single breakwater was presented by CERC (1977).

Figure 9 is tiie configuration of the wave approach direction analogous to the

physical hydraulic model layout used in this experimental investigation.

27. Laboratory tests were performed by Harms (1979) to investigate the

distribution of wave heights in the lee of a breakwater (shore-connected) for

waves normally incident upon the structure and with a horizontal bottom both

in front of and in the lee of the structure. In general, satisfactory agree-

ment was obtained between measurement and theory, but diffraction theory was S

not found to be conservative. At large distances in the shadow zone, measured .

wave heights consistently exceeded theoretical values. Close to the break-

water outside the shadow zone, the measured maximum wave height was also found

to be larger than that predicted by theory. The diffraction behavior appeared 5

24
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to be insensitive to the intensity of wave reflections from the seaward side

of the breakwater. _ _""__

Combined Water Wave Refraction and Diffraction

28. The bathymetry shoreward of a jetty or breakwater usually is not

flat or even uniform; hence, refraction generally occurs in addition to the

diffraction effects. While a general unified analytical approach to the

simultaneous solution of these two distinctly different phenomena has not been

entirely developed, considerable insight has been gained through the theo-

retical work of Liu and Mei (1975, 1976), Lick (1978), Liu and Lozano (1979),

and through the earlier experimental work of Mobarek (1962). The procedure

usually followed by coastal engineers concerned with wave-height variation be-

hind jetties or breakwaters is to construct refraction diagrams shoreward to

the structure, then construct diffraction diagrams for three or four wave-
lengths shoreward of the jetty, and finally refract the last wave crest on S

toward the shoreline. This procedure is schematized in Figure 10 where the

overall refraction-diffraction coefficient, Kr- d  in the region behind the

structure is:

K =KK 4 b_r-d r d 12

where

K = refraction coefficient at the structure, dimensionless
r

K diffraction coefficient on last wave crest behind the structure
d from which additional refraction computations are performed,

dimensionless

b = orthogonal spacing at the last diffracted wave crest, ft

b2  orthogonal spacing near the shore, ft

29. Mobarek (1962) experimentally investigated the effect of bottom

slope on wave diffraction through a gap in a breakwater normal to the incident

wave direction. Also investigated was the effect of an abrupt increase or de-

crease in the water depth behind the breakwater. The theoretical analysis for

the comparison of experimental results followed the treatment of Penny and

Price (1944) restricted to the case of normal incidence for which the Sommer-

feld (1896) solution is simplified and in the presence of a horizontal bottom.

Two fundamentally different basin configurations were used in the study. The

." - . 1.-2
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Figure 10. Graphical procedure for determining overall refraction and

diffiaction effects past a breakwater (after CERC 1977)

first consisted of a longitudinally sloping bottom with the slope commencing

at the breakwater and extending to the shoreline. The second was constructed 0

with a flat bottom extending beyond the breakwater gap but sloping laterally

to the shoreline. Taking into consideration the serious limitations of the

experimental equipment (very small model, 72 sq ft), the investigation led to

the conclusion that the procedure usually followed for estimating wave heights -

behind jetties or shore-connected breakwaters (Figure 10) was sufficiently

good for medium period waves; but in the case of long waves, the effect of the

shoaling bottom on waves should be taken into consideration. Experiments on a

larger scale were highly recommended. •

30. For a long shore-connected breakwater on a slowly varying bottom,

an asymptotic theory has been developed by Liu and Mei (1976) that accounts

for the combined effects ot refraction and Fresnel diffraction of water waves.

L However, for shQrt jetties or groins, the reflection and diffraction effects

27
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E 1quat oil 1 1 t I I k t f I t I I L it lit, l t) ho t e~iii it I I ,i Ili t tt I !!, t ii

depth wat er . 1I "hjt I ow w'j tc r t he 1 it, it IOn reduces to t ie I t i I -Ik

equat Ion.

33. Houston ( 1980) I,,vtd'l Eqkjut ii1, I by the ust, of a ivhbrl fIllt.,,

ment numerical model or igtiil Iy de V ,ped by (hen adni lei (1974) tr, sov,. tt.

diffraction Helmholtz equ(itiOll ill a coilstant-depth region. The appripri1it,

modifications, including variable depth and frequency dispersion, were ii-

corporated by Houston (1980) and the solution of Equation 11 was applc , t,'

the geometry of the experimental study Of aldeS ( 1980) (i.e., , ut ,rill :tr ' I.

with a shore-connected breakwater perpenldiculair to the shorel inie). I ,ll

in s imu [ating those experimental hiviraiI i c tests numetcri ira ly was thast th.U •
waives broke in the experimental tac i-i It near the shoreline itnd thus i, s t 1

their energy. No mechani sm existed to (Ii ss i latt energy i1 the [utitr ai i nu I

However. d issipat i oi wi s si miiuI avt bv a I lowing waves to cont thule t, r 'pa t"

out of the prob len area. The breaksater ,il( unti I orm s lpe Were s ti wu I .-

to the point where breajki ug occurred. The depth wa.s thet inucrc.stui t,) thc

.- - depth of a semi-iit i nite ,(ean region surriunliig the region l cu lilJoi.ti-i,.

,'. and the waves were allo,el to radiate away trom the area of iriterest.

34. Figure 11 shows a typical comp.lrison bets cen the experimen t.11

2.00 -LEGEND

- UNIFORMLY VALID ASYMPTOTIC

SOLUTION (LIU ET AL. 1979)1.50-

@1 o EXPERIMENTAL MEASUREMENTS
'i FINITE ELEMENT MODEL

1.25r

o [] I

. 0.1050 - 0 0 1 I Ii

0 ,5 2 4 6 8 10 12 14 16•

DISTANCE NORMAL TO BREAKWATER, FT

I I illl t. I I . 1 ()lp I I . 11 { { , : \ ll l rl d t l t f ll t c'
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I V I NUURIiY\ .\i.ID ASYMPTOTIC C'FEORY

BHi,.k g r 0U-n d

ii r e, rit ci~i r t he pi rA)I it (,pproximation has beenl deve loped ex-

tells I lv I -r "t 1"Ii lvip ,(,,ici t t ei rig p robl1ems in dif fferent branches of the6]

physical sc.ierhrs. Xiddft. 1979) and Lozano and Liu (1980) derived indepen-

dently the parabolic approximation for water-wave problems. Analytical solu-

thins were it lifnl t-1 the (omnieitd refraction and diffraction wave field

neat- , thin kreikw-iten i j"ileli ti) the shoreline on a plane beach. Th e

h'ickgr-mil .i leii iassumed t a have straight-line wave rays.

1.Als( 5 basil on thlt pjdrahol i c approximation, a numerical study of

wit o -wave tlI rt i it .inid oii f i ratioli problems has been conducted by Tsay itnd

Liii ( 1982), where thet rofract ion index is not constant. Two problems werro

(([side red (, t i, a-ve t etli riea r ia submerged shoal on a sloping bottom .ini

lbh) thet Wave ftieid ill tile, ne ighhorhool of a breakwater on a sloping beach. Ill

the latter Irhibeni, thet orientitt torl of the, breakwater is no longer limited to

be perpniua toteUrc ic o h perpendicular case, the accuracy

of the parabolic approximation numerical results was verified by comparing

with the precisie experimental data of Pantazaras (1979) and Hales (1980) (both

sets of data having been obtained at lvES.). For this case, the uniformly valid

asymptutic theory of Lill, Lozano, and Pant~azaras (1979) was also used to verif%

* the parabolic approximation.

Deve I pmnent ofAsmticTer

-37. For the case of a shore-connected breakwater on a linear plane

beach, .iil and Mei (197t)) and ILozario and Liu (1980) have previously shown that

an approximate closed form solution can be obtained by the parabolic appruxi-

ma t i on. flowever, Linu ( 19821) showed that this solution becomes invalid near-

the tip of thet breakwater he~ailse of the inherent nature of the parabolic ap-

proximationi. To remove this weam-ress, Liu, Lozano, and Pantazaras (1979) and

Liu (1982) developed a a uniformly valid asymptotic solution for the same

1)rot) I em. 1bi s thcor-y is venrified by the experimental data of the present

s tudy. Thie he"ir h Iopog rapry , whit*h i % requiired to be un iform in the a long-

shore ndireection, can be a rbitiriry n n thle onishore-of Ishore di rect ion.



_i. oI Ilowing the (I tve Iopneint of Liu, Loz ano , ifid P if,) /H i

ini thfit rtotatiatfl of Liu (1182) the geometry of the hrt-kwat1 0 ai~

to) ht olne of rad(iat(ed wave%,t rays emitted from the tip~ the *,f( I,[, . .

*e12) The itI It iof! he t ween the- i nei dent wave an:gj ; ri I' I IW~
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m0

PI

G(p) f e do (15) .0

A(x) represents the combined refraction and shoaling factor:

cos 6 2k h + sinh 2k H 1/2 0

o o0 o coshi (16)ACo ) 2kh 2cosh k h

The subscript o in Equation 16 denotes the quantities associated with inci-

dent waves in the far field. The funiction G(pl) defined in Equation 15 can

he given in terms of the Fresnel integrals, whence:

(p 1  1 + i) + /2 is 2 1 ((1

where

2

PC2 P I 2 Cos dT (18)

0

and

P2

() s7 l T dS (19)%2  ' : 271 -1/2 r( 9

0

are the Fresnel cosine and sine integrals, respectively. The arguments of the

fiin( t ioi G(pl) inl EjIliat Ioil I e .,r t- iried by Liu (1982) as:

Svf- s(20)

and

(21
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whe re

S phaise fuit t i to jthe Ili. ;drnt tave de

S phi Se tInfl'ct lon of t he let ll.tA id wavet' rorn t he b ak.tt'i ie
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lI tl I Ied i i the deve loppment ai pIet11 ut d In i iu, L.ozar[o, aid Pla taza ras ( 1Q7..

However, iii akt a I ity , t[ f laifori layout of most shore-con nected bt.,akwit ers

at an angle to the shoreline is that of a straight line. Hence, while the=

assunnpt ion ()f a plantorm laVont fo I lowing a wave rav r i I at e f om the t p o t h c

st ructure exped it ed t it int vIYLi j I ovc I ,piatnt , the f i, nm r I cal ii(d ( I IbhaSe (4ed o

this development does not precise lv corito!rn with most prototype cou!it ions. It

was therefore desirable to , idapt the numerical scheme to fit the case of a

straight breakwater at an an| gle to the shoreline. For the case of a straight

breakwater, the phase function S for the incident wave, the phase function
s

S for the reflected waves f rom the breakwaiter, and the phase function R
5 S

for the radl itttd waves generated h tt. (SC I latory poi tnt source at the tip of

the bceakwater ,r n be txpn -et r t, ccet Iv I v as:

X

S = - fk cos 0 dx + K v '5

S = -f k cos 0 dx - K v 0
0

x 0
R f k cos 0 dx + K (27

00

K = k sin 0 = k sin (0 (28 @
o 0 o

K= k sin 0 = k sin 0 (29
t t t

k aind 0 represent the wave number and the initial angle of incidence of a
t t
r,iIited wave ray, respect iwyelv. The numerical model developed under contract

hv I hs,t-d I, the 1 tlorilliv vi ilI isvr tt i ic theory of Liu, Lozano, and

iartaiaris~~~L' ' c aiIIt. irm straiight breakwatey it in arigic

tf, the shorelnii, anilt is ,--' nt', in ApIf.ndix B along with a sample output

toom the irgrar. ['i s nlimicit i l m(Jelt -, rved as the basis for (omparison

, th thlie fxpe ilnc t.ml m Its ,I the jrsent study.
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Figure 14. Effects of nonlinearities (initial wave height and
shioaling effects) on percent of total energy in fundamental pe-

riod, wave period 0.75 sec

hxv'cdi~~ [k.t It)-,2 ft

ptj i f ror Shore I t ne, f t

Figure 15. Effects of nonlinearities (initial wave height and

shoaling effects) on percent of total energy in fundamental pe-

riod, wave period 1.00 sec
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(ompare consistentlv well uith the i perrinintal data Nearer the tip of the

breakwater the diffraction theory tends to diverge rapidly from the experi-

mental results, and the uniformly valid asymptotic theory more nearly approxi-

mates the experiments. As wave period increases, the deviation of the diffrac-

tion theory becomes mo-e pironounced at all locations except very near the

breakwater; however, the uniformly valid asymptotic theory continues to

closely approximate the dati from the experiments in all regions. The greatest

deviation of the uniformly valid asymptotic theory from the experiments occurs

outside the breakwater shadow zone in the area of the asymptotic undulations

of the wave-height amplification factor. This can be attributed to reflection

of longer period wave energy from the experimental bea,-h breaker zone not ac-

coanted for in the analytical development, since the uniformly valid asymp-

totic theory consistently underpredicts the wave-height amplification in this

area.

49. In general, it can be concluded that the uniformly valid asymptotic

theory is superior to diffraction theory alone for estimating wave heights

downcoast of nearshore structures subjected to combined refraction and diffrac-

tion. Particularly for longer period waves and for the region near the struc-

tures where scour and erosion are known to frequently occur, this theory pro-

vides an estimation that consistently approximates the results of this experi- •

mental study and that is significantly better than diffraction theory. At the

same time, it appears desirable to incorporate into this theory a degree of

nonlinearity that is not presently available.

50. Because the uniformly valid asymptotic theory compares favorably

with the results of this experimental study (four sections parallel with the

shoreline for three wave periods with three incident wave heights each), the " 1
numerical program developed from this theory and modified to fit the straight

breakwater geometry was applied to the entire shadow zone region of the struc-

ture. These results are presented in Plates 37-50 for distances parallel to .-

shoreline of I ft through !4 ft, respectively, in increments of 1-ft displace-

ment seaward toward the tip oi the breakwater (which was located 15 ft from

the shoreline). The three wave periods utilized in the experimental 1phase of

this study (0.75, 1.00, and 1.50 sec) are shown in these plates as the inde-

pendent parameters. It is apparent near the shoreline that the longer period

waves allow for the greater wave-height amplification at all locations (par-

ticularly within the shadow zone). With increase in distance from the S

4]
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PART Vi: CONCLUSIONS

* 51. Based on results from the three-dimensional experimental investiga-

tion, reported herein, comparisons with existing diffraction theory, and a new

2 uniformly valid asymptotic theory reported herein, it is concluded that:

a. For short wave periods, small initial wave heights (linear

waves), and locations well within the shadow zone of the struc-

ture, both the diffraction theory and the uniformly valid as-
ymptotic theory predict wave-height amplifications that compare

consistently well with the experimental data. However, nearer
the tip of the structure, diffraction theory tends to diverge

asymptotic theory more nearly approximates the experiments.

b.As the wave period increases, the deviation of the diffraction
b.theory becomes more pronounced at all locations except very

near the structure; however, the uniformly valid asymptotic

theory continues to closely approximate the data from the ex-I
periments in all regions.

C. The uniformly valid asymptotic theory is superior to diffrac-

tion theory for estimating wave heights downcoast of nearshore

structures Subjected to combined refraction and diffraction.
Particularly for longer period waves and for the region near

the structures where scour and erosion are known to occur, this

theory consistently approximates the results of this experi-

mental study. 
.
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13 72.T (+ 16) 1.47(-,'2: 0.o9(+143) 3.O3(-06) 0.,0 (-132)

L4 97 (- 9) 2. ( 9(-1 , 7 .02(+1 74) 00 12(-5)) (3 2, - 0)

1=, 95.J(+21) .. <(±'33 (.377+7) 7+.7 03(+30) 0. '(+23)

1 q ' , 11 5+15-) . 7 '--50) 20. 1 ( 1 1 0. 01 (-Sf) ' (- 3

17 n. 'q-l0 ) :, , (±10': 2.1 (.4-5 0.01 (-4,) , 3) - 0)
43 9," 0) *+] ) 3. +26 ( .'<(+7', 0.02(+73) 2%.0(+ 3")
:4 4 - .,' { :2)~'? I.,: " , . 'i ) . , -l 7)i. m -

2)_ 94 a-( ( .5[)Q 0.jt,-7 ) .D (-+~3) 0.01(+ 41) 0 3 . i(+ 73)

+1 (+17, n ,2 ) 0 (+-4)

24 , +. 2 .. ' 7) (. +0( . (-4 ) o.. 1h 79-122 )

I54.)~ >(± ) 043. (5:' % (1) r.7 37+ ± 0)

,'+,4,,, a -. -., *,, 0. '(_l4 -, ,.4,:(+6 ,,) ( .,, *-'iT

27 " +... ,. .7. ' .7'% ,.2.(+ ,) . ' (+- 0)

2-, , . - , ,1< ~ '3 , ,,(+']) '. 3 407) .]"(+ 0)',., . .':) 3 0. , +
- ' ' (+74

I' * . .. 2-, '* ,' ' II.-',4 -,. , - 17 O~( ,( 2

-, ,: . . .,' -- 4 . l . ",1 0 i' -±3 , 4. (-1 :{ A

7 j

I , '+ '

+ +



a-"t

Distritl;t i n o1 ,j v, h ,:g; I'r. t:. t he Exper iment i I i -

1c i d'L l t ,, -- f . c u a ar r Nave Height - 0 f

,(I- I. I wi t h ShoIr Ii 1w

Per it ,f ,, : ., tr e Anrle (deg) ,  Arrargemrint N .

Fundt .t i t Second Th i rd Fo ur t

P' - r i, I , , "In i C Ha rmon ic Ha rmon ic ITa r'i m oi c • C

Gage j7 ,, :, ,se, 0.25 sec 0.19 sec 0.15 se:

2* . + 0 . 6. h +133 0.0f)(-31) 0.01 (+1021

3 q. - - . (-V72 0.O1 (-163) 0.01 (-110) . (-12)
' -"1 a 0.13 (-45) 0.02 (-124) 0.rB '-lL )

5 . (_- 2. '_-5) ). 1 (-74) 0.03(-67) 0.01 -7

' ++I 2 (-i !) 0.(2 (-92) 0.05(+33) 0.01 (+ )

. 1'2) t . , +73) .3 (-75) 0.01 (-131) 0.00(-12

--*'.' -'-) '.h'-](-7 ) 0.1 3(-91) 0.05(-q 6) 0.01 (-qq
('*- +1 44 '.)4(-168) 0.02(+54) 0.r1 (+ l

r) . - . + (0 ,.07(-123 0.00(+143) 0.00(+140) 0

12 <. , -+ . - 0. 10 (+2e) 0.01(-144) 0. )(+49)
I ' 1 11 ) J) 0.G7 (-152 0.01 (+36) 0.01 (+76)

13 9 ',4(+1 , .,7 (-120) ).0"2 (+48) 0.02(+113) 0.00 (+33)
14 99 .33 -14z (.,4 (+ 10 4) 0.01(-9) 0.01(-144) 0.00(-173)

15 '3 3 167 . (-66) 0.26(-63) 0.05(-102) 0.01(-T5)
16 o .] , I ' ' ] ( 47) 0.07(+S2) 0.01(+,Q)

17 ', .2' 3 -5', .-- 7 ,,14(-36) 0.01(-146) 0.00(-13i)
'(,. .. .. . ,1 -- ..3 (-92) 0.05(-91) 0.01 (-Q2 1

1'q <.7 i(+11 -:" I (.al(+115' 0.00(-16) 0.01(+77)

2f, .' ,, +--(+ q+ 0.05(+52) 00>(+4

2i - ..... • +. . 0. 12(+65) 0.04(+68) 0o -)(+ (,)

2' , . , . -1 'at.1-3(+51) 0.00(+144) 0.0()(+67)

2 3 (. - - . + ) ,.21 (-59) 0.01(-144) 0.0( (-167)

2. I (-' -. . (i.t9 (-57) 0.05(-59) 0.01(-77)

2 .+ J . ,; -1 0. 37 (-36) 0.05(+73) 0.01 (+101

6 .. 3 (-53) 0.04(-124) 0.00(-114)
2.' , .,. - - : .,5,(-75) 0.07 (-35) 0.01(-99)

2 1.,' i-I . .... ,'K (-76) n.01(+162) 0.00(+10?(
29 -i ~~+.Z (+54) 0.05 (+83) 0. 01 (+11 )

1 1 ,.- , .'- 103) .011(-i10) 0. (-102)

3 ' .. ' ,.1 (-25) 0.02(-13) 0.M) (-I

32 . . ,-169) 0.00(+60) 0.01 (+ i1

33 no " +i -.. - . 7(+115) 0.o4(-68) 0.00(+141)

34 W ). + 1 C; )4 73(+52) 0.06(-46) 0.01 (-12
3- . *'i(+7, 3 0.47(+51) r1 -. 4(+"23

3".77 . I.-', "4+." ) 0. 2 a (+1 7 ) .1 Wi-,0

.. . ... : :S



(+77)
t t

.I i, t '
* ,. j+

e -- . ,. 1+

".1.1 -115 '

n U )1 35

.. :- -1 (+1 2

S--. .) . 3(- )

14~~~ 1'*.

l'." - . . .. 41+7) S

:1 5 . -.1 4 l

.31 (+1If)

1. .... " - . .U1J "(-1 , 19)
.I o

.' *Iu(-54)

* . . . . ' .. + 1

2
°
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Distribut ion of Wave Energy Thromigh it the Experimental F i( jI 1t ' i

In ci(lent )i r(,-t ion, Period 0. 75 .(- e, Wijve Ioi ht I t

60-leg Frpijkw,it 'r Ailar' with horIl ric

Percent ot Total Etnergy il Pha io A' .ngle (deg), Arronveii :it 2.

Fundamental First Second Third r t
Period Harmonic Harmonic Harmonic Harmonlc 0

Gage 0.75 sec 0.38 sec 0.25 sec 0.19 sec 0.15 sec

1* 94.49(+93) 4.86(+147) 0.61(-138) 0.03(-51) Q-.02(+24)

2* 98.95(+143) 0.84(-7) 0.20(+176) 0.01 (+60) ).00)(+113)
3 98.60(+162) 1.26(+75) 0.12(-149) 0.02(+47) 0."') (+146)
4 99.37(-172) 0.53(-29) 0.09(+123) 0.01(-30) 0.u, +100)
5 95.55(-73) 4.25(-134) 0.16(-179) 0.02(-161) 0.02 (- "9)

6 95.43(+38) 4.32(+76) G.13(+117) 0.01(+85) 0.01(+3)
7 96.69(+158) 3.12(-54) 0.19(+127) 0.00(-17) 0.00(+39)
3 97.19(-98) 2.76(+175) 0.05(+118) 0.00(-120) 0.01(-134)
9 96.34(+20) 3.35(+41) 0.21(+56) 0.02(+78) 0.01(+53)
10 96.50(+131) 3.32(-95) 0.15(+57) 0.00(-171) 0.00(+174) 0

11 93.13(147) 1.83(-138) 0.04(-17) 0.01(+64) 0.01(+179)
12 99.52(+35) 0.32(+13) 0.14(+86) 0.01(+R6) 0.01(+76)
13 99.09(+97) 0.20(+155) 0.09(+108) 0.01(+77) 0.01(+76)
14 96.33(+170) 3.43(-25) 0.24(+139) 0.01(-5) 0.00(+123)
15 94.48(-93) 5.31(-170" 0.19(+120) 0.00(+13) 0.01(-137)

16 92.46(+38) 6.81(+69) 0.63(+91) 0.07(+107) 0.03(+77)
17 94.57(+146) 5.12(-75) 0.31(+73) 0.00(-118) 0.00(-42)
18 95.25(-102) 4.59(+165) 0.15(+70) 0.01(-60) 0.00(-147)
19 97.71(+76) 2.13(+95) 0.11(+39) 0.04(+93) 0.01(+92)
20 99.99(+17) 0.01(-140) 0.00(-120) 0.00(+46) 0.00(+26)

21 99.62(+21) 0.36(+35) 0.00(-10) 0.01(+40) 0.00(+38)
22 95.75(+81) 4.05(+137) 0.15(+157) 0.03(+77) 0.01(+79)
23 92.23(+156) 7.23(-56) 0.54(+100) 0.01(-91) 0.00(+43)
24 90.02(-92) 9.59(+176) 0.36(+84) 0.02(-56) 0.01(-129)
25 84.85(+27) 12.65(+46) 2.06(+64) 0.33(+76) 0.10(+74)

26 89.60(+153) 9.35(-61) 0.99(+94) 0.06(-129) 0.01(+7)
27 91.80(-103) 7.94(+160) 0.23(+60) 0.03(-64) 0.01(-142)
28 98.06(+125) 1.92(-103) 0.02(+89) 0.00(+13) 0.00(+39)
29 98.77(+35) 1.IM+0.9) 0.03(-23) 0.01(-33) 0.01(+3)

30 99.67(-27) 0.37(-31) 0.01(+54) 0.Ql(-85) 0.00(-b2)

31 98.77(-12) 1.19(-31) 0.04(+30) 0.01(-11) 0.00(-4)

32 91.39(+25) 7.80(+42) 0.70(+55) 0.10(+69) 0.02((+60)

33 87.77(+82) 11.39(+1o) 0.73(-135) 0.03(-8) 0.03(+45)

34 83.33(+175) 14.65(-20) 1.78(+143) 0.22(-43) 0.03(+103)
35 81.49(-76) 16.60(-164) 1.75(+111) 0.12(-10) 0.04(-122)

36 80.89(+52) 15.36(+6) 3.01(+108) 0.59(+114) 0.15(+1!7)

Ocean gage.

0 "



"'F:ble•  ?

Distribut ion of W.ave Ene'rgv TirouHghoIit Lite F eri ri it I F c i iity 30, dO- l,

Incident Direct ion, PerinlI = 1.00 sec, Ocrioi Wave ight = 0.102 ft

60-deg Bre.tkwit tr Ang I e wit h Shorel i ne

Percent of Tot a I Eie r,,,y v.'d Phase AngIe (deg), Arran gement No. 1

Fundamental Fl r t Second Thi r i FourthI
Period i Im;nic liacmonic Harmonic 11 rmonic

1.00 sec 0. s ec 0.33 sec 0.2 sec 0.21) sec

1* 09.1() +8 )I O.(S+( 1 ) 6 (+174) (.i)1 (-133) 0.00(-25)
2* 91.44( +12,) 0. - (-96) 0.01(-1251 0.1)2(+13) O.01(+119)

3 99.b4(+lh3) 0.12(+156) 0.o4(-56) 0.00(+128) 0.00(+27)
4 99.(M, '+i3 0.3(4147) 3.f0.(-141) 0.02(+10) 0.01(+113)

5 ().07(+176) I .)1 (-13) 0.(1 (+146) 0.00(-147) 0.00(+51) S

6 . )I-i0) 1.5,T(+h1 5) 0.01 (+74 0.00(-116) 0.00(-130)
7 . 3 (-25) 1.1 (-58) 0.01 (-72) 0.00(-171) 0.00(+38)
3 93.2% (+57) 1.67(+9') 0.ci3(+111) 0.01 (+i01) 0.00((+116)
9 9 .75(+125) l.23(-I19) . 1 (+54) 0.00(+68) 0.00(4+106)

10 99.1 (-15) 1). 1 (+ -3 0.02(-13b) 0.00((+99) 0.00(-136)

11 99.13(-15) ').84 (-22) 0.01 (-60) 0.02(+142) 0.01(+142) j12 9'3.11(-27) 1.34(-50) 0.03(-98) 0.00(+105) 0.00(+65)

13 99.50(-6) 0.49(+19) 0.00(-169) 0.01(+179) 0.00(-142)

14 98.33(+64) 1.63(+105) 0.04(+106) 0.00(+140) 0.00(+79)
15 97.9H(+144) 1.q5(-84) 0.07 (+54) 0.u0(+156) 0.00(+61)
16 97.41 (-130) .5 1. (+9 0O. C) 0-.') f3ni (- 150) 0.00(-[44).
17 99.44 (-03) 1.5.4(-121) 0. ) 0 -1 V 1. 0( - 7 0. 00 (- 77)

18 9 .2(+1 ) I .7(+I1S) 1 +0.()3 3 + 1 0.01(-0.5) 0.00(+22)
19 99. 76(-I1) . .,',)) 0 '7(177 0.0 1 (+151) 0.00(- - 2)
20 99.9 3 (-1 71) . f +]) 2 ) +1n/. (+1t) 0.01 (-131) 0.00(+04)

21 99.41 (+170 o.05(+-) 0.2 (-1S) 0.01 (+146) 0.00(-15)
22 Q.95 (-166.) 0. ( 1 (+54 O.01 k-106) 0. M1 (+ 7)

-3 97. 2 (-II)9 2. 3 (,+13H) 0.05 (+7) 0.01 (-126) 0.00(+127)
24 96.2h (-40) 3.o 3 -3) 0.11 (-1,) 0.00(-109) 0.0((-141)
25 9 2.8 1 +'6) . .6I (+79) 0.50O(+118) 0 .0 , (+!33 0.00(+1 2)

2b 93.6 '+ 124 .'4''(-12g) 0.3c(-6) 0 .04( 0.0+) 1 3- )

27 96. i' ) .1.' (1-, 0.1)(-I25) 0.101 (+,3) 0.'J0 (-Ql I
2,1 0,~ h .,. ,¢ 1 ,: O,) +IZ 0} 0.()l (-1h5l 0.00(-17)

297 ( .S (+ 7. ,1 .U3 (+ 2) 0.01 ( QS)
30 97 2 (+', " ,+4 7) 0.,2 ( ) 0. 0 (-i) 0.01 (+24)

031 9 5. 61(+ :; 4 . , 1(3 ) ¢.11(+M2 ) .)',, (+ I On O. 02(+ 02)

32 94. (+1)5) 4., (-i5) 0.20(-7.) 0.01 (-6) 0.00((+59)
33 90.94(+172) -.2 3-h,) .(, (+ 12) 0.08(-77) 0.I2 ( +t0I )

34 85.0 (-I 10) 1'.3,(+124) 1.8:('+21 0.24(-112) 0.03(+15')
35 83.24 (-31) 1 .7I(- 2) . (-121) 0.!4 (-153) 0.Ob (-1 8l )

3', 88.32(+55) 1 .1(+90) 1. 14+12 1) 0.15(+159 0.0(1(-104)

COceanl g-ige.

( ;.



T* ' i ,' .

Distribut ion of Wi:v Energy Thronighout Lhe Experimental Faci i ty, iO-die

Incident ) ire(tion, -Period 1 .0 - , ocean- Wave Height 0.102 tt -

00i-,! 1sreikwater Angle with Shoreline

Percent ot 1tal Energy and Phase Angle (leg), Arrangement No.

Fundamental First Second Third Fourth 0

Per iod Ha rcon ic Harmonic Harmonic Ha rmon Ic -t

Gage 1.00 scc 0.T, sec 0.33 sec 0.25 sec 0.20 so,

1* 9. I9)(+Qc0) ).'73(+112) 0.13(-14) 0.01 (-31) 0.'19(+ 2 ) 
2* 9 .4 (+ IS) 0. 39(-77) 0.03 (-29) 0.03(-38) 0.01 (+7()
3 90 2 3(+147) 0.73(+114) 0.03(-140) 0.01(+111 0.9(-1)

,+ 9.2Q159) 0.71 (-101 0.01(+23) 0.00(-I 79) 0.O,-? 0 0 •

; 93 _?1 (-1 3m- 1.7'(4+-I) n.',4(-38) 0.00(+56) 0.9 0)(-'.

0 9 1 ' (-53) 1 .53(-94) 0.0,(-120) 0.00(+156) 0.0( (-17)

9. j(+29 1 .83(+ 3) 0.03(+37) 0.90(+71) 0.w)(+1 14
-l (+104 1 .9(,(-140) 9.0 !(-41) o. nn(+93) 1* 00(+ 1,7

.2 ' ( I ) ((-17 (.) ((172) .0(- ')o I0. 1'1( , 4

* a *%. ''-- 1.1i(+ h) 0).9j(+32 0.9 (-'1 +. (i w),

II 3I(42 1.47(+0,7 0.1)(-lV') ). 3(- 3) Q., -I
12 I7.' 2(-29 2.(.(-3 ) 0.9'(+51) 0f(*143 .) I(+I13

13 ' ,.57 (-1 l 1. ;'(+u)0. (12 (-1 4) 3 O ( l l n - "

14 99.6 (+34) 0.3(+ 1) 0.2 (+103) k. (-61) O ,-

15 . 41 (+15 I. (-! 3) 0.', '3(-69) 0.02(+31) ., (,'.

V 7!' ''0,(-17'9 , - ' 1 ) ; ' +1- V., i).) (+-" 9. ,' -

3a -)'i4t(- 3 -3) r ', (-1l) *K'(.<J+ ) 'lI.''3(-32) 'I.,'i - ,,

.221 '~a.O,,(-17 , • '(-31) I!','"(+125) .o:1(+177h 'K)¢* '

2. 9'T '*'(-1 :'" "• ,' '33 9-. 7 (-S,3 " )' (+g'l) f).* v -i'>%

299 9•,)(-') 3.3 (-123) 9.tl(-17 v) 9 .o()((l9'' 0..,'i)(-l->

23 ; * K()' ,9,. 2 (-172) 9.30(-7q3) 9.*93(+29 ),*) i) (+I' 3)

* 2n q4 ,- .' -S1 ) . 34- 1 7,)) 9*9 3 (-5) 9.91 (-1I

.) * 3. .) ',-{{ I' ( (-3' . *l ce- (4+ ' ! 9] /o() -C

t,3. , ',. ' .0,, 1 V 2.0 (+3It 0.01 (+1 )

31 ,. ': 91(+33) 0.95(-157) .O1(+10))

34 36.a, 11(- ) i.. +79)), 1.6 (-63) 0.2 (+169) 0.02(+44)

23 .3 W - 1 Q -1 1) ). 0t(+3 h 3'(+1)-) 9) 93(+ (

3"" € ', 73 -'!:,' 2. lo . f.) ( 1 ,

0

'if3 o 1 -

33i4 + 3 00S( 1 )1( o



" --- , . .- -. ,.-"-- " .--- . .- - " .- - - - - . .:-- - .- - -. .-.- -..-. ' " ' L P~ ''U .t +7'-'.-

* ~~Distribiit ionf 'If T.h ~rr~''nrotinh(Ljt the E-xpe ci men Li I Fac Iu 1LV, 30- deg

Incident i i c Lo , 1e r 1 1 ( st-c, Ocean Wave Height 0.130 It

60-diA fi k't . er Aniy e witi Shore ine.

Percent ot F( t jI I-ri, :, i. I hi Ar!g , e (deg) , Arraigement N .

Fundrne t~t~ : ! , Sec onS "£i rd Fou r t h

r i on la morrnic HIa rmon i,: la rmoni c . 0

0 Gase I.Ou ;ec 0.33 sc 0.25 - ec 0.20 sec

1* 992 (+~5 2*w I +~ 1S 23 +. (1 A) 0.00(-*63)
W2* 9J.0 (2-) '. - , O.*O (-22) '.i (+15) 0.00(-141)

3" . ;.. 071(-2) . 2"+L 13) 0.00(-1,1l)

4 4 99.I (+1? . -I ,7 (+ 1 0 . +14 0.00(+1 19)

5 90.44 (-!I,' . '" +) ).(m (-- ) .cs3(+72) 0.00(+62)

6 96.35(-91) 3. +j),) 0.14(+54) 0.02(-47) 0.01(-108)

7 96.99(-23) . ": (-4r, 0.17(-59) 0.03( -65) 0.01(-61)

3 97. " [ (+58) 2. 1" '. 1 '(29) 0. 01 (-173) 0.00(+20)

9 97.2>"(+12 ' ...n 0-i 7 1)..2) 0.i1 (+123) 0.0((+3)
S10 9 .2,(-152) !., ,, 3' 0. O (-102) 0.O (,119) 0.00(-53) 0

1 9 9- .2 '(-10. (-0 O0( +S') U .04 (+145) 0.01(*171)

12 97.95(-2,) .4'. (-4 7 9.052(-310) 0.00(+12) 0.00(+133)

13 93.7S(+2) . 71 (- 16) 4-.0! (+122) O.O1 (-130)

14 97.( +6- j -+'. 4223 .0 (+142) (i.O (-150) 0.01(+63)

15 96. 10 (+1-n) 3., -76) .17 6,) (I.t (-0 33) 0.00(+87)

16 94.5 + 71 -03 ( 92) 0. (-! 0.'7-151) 0. 00(+36)
17 95.o9(-('2) +.",~ '-2 ) u.2 (-l 9) O. (-169) 0.O0(-176)

1) 0 . 7 (+ t, - ,. I 6 +4; 62) 0.01(+72)

"19 9r.1 7(- )) 0. . 9 (-.3.2

T). w- ;r )) .,i - ,:1) 1. 4(- I.' (-1 2) 0.00 (+180)

21 9). W ' (+it K 4- 0) ( (+2) ., 1 , 5) 9.00 (+-6
22 ()7.9(l)(- l 07 .; - . . ( i f) c. ' )',) e.00 (-166)

23 5 -7(-l 3 '.:2',( ,,- 4) 1. 1 (- ) 0 ( , > 1.00(+174

24 94 .-.- " .. .- 7 .' (±79 r-4)(-i 27Q 0.05(-146
,3 . + t, 1 6 + ,, . s 0 0"( 1 7

j i 7. ,,) 0.9>-V P!,i/) O.O.2(-115 S

27 9'4 .3 -Is . i , ,>. (-- ') 7. r. 10 (-43)

'.,'+ . f- (K4 , 4. ., * 1. ) f.Oo(+1 10)

29~ ~~~~~~ (I. 4', oo -( + 1 ~4 K ' r~ o(±

;4:,. 4)5"' . , .- ', ." , _ A.,U 0? (+ 4)

3' ¢ 14. . . *' 11 4. i*3. ] 4 '' ,4+ .-. ) +I.02(+93)

32 ' " -1;', 0 . '7 C.,.,,) 0.00,-156)

31 7 .4 1 11 0. 0"9,3 7 ,' 17 ' . '-3 ] " . ''or . -',) 0.0'(-128) .

3 77.4 '-I " I .. , ,+il''ii -. l > - . "'(-1 0 .09 +97) .35 7,'. 2 (- )t "; '. ' :-i'1 "3.. (--1 Sir ' K 1'"'), 0.12 (4109) "

/3' 7 .41(-7 : 1 , ' , > * ' . 4 + , 2::,)) 2 ."'. ,+l 31) 0()t7(143)

HI 41•'

• .. :.: ::- ',' - - -.: . .

• "" " " " " "i: :" ::" "" : " " '"



Distriut ion of WAve Frersy lhroughout the Expternental Faci i -tYL30-dee

Incident D)irectimn, Period = 1.00 sec, Ocean Wave Height = 0._1,0 ft - 6

,-,ct,j, c,.ckvter An~le with Shoreline

Percent ot I,,t,i1 ii t rgy ,iod Ph. se Angle (deg), Arrangement No. 2

Fundamental Pirst Second Third Fourth
Pe r iod H-i rnsnic Harmonic Harmonic Ha rmn ic 0

Gage 1.00 sc,' 0.,5) ec 0.33 sec 0.25 sec 0.20 sec

1* .2 (+91) .97(+110) 0.17(+137) 0.04(-141) 0.00(+25)
2* 99.03(+12:1) 0.(4.-11l, ) 0.01(-31) 0.02(+88) 0.0B(-99)
3 9q.51(+1 9) 0. +(+112) 0.07(-177) 0.00(-177) . (Y) (+97)
4 yQ.22(+51 0.7v(-'37) 0.02(+34) 0.01(-155) 0.O (-108)
5 98.O(-144) I.4('(+57) 0.14(-115) 0.O0(+110) 0.00(-12)

6 95.54(-60) 4.21(-114) 0.24(-159) 0.01(+157) 0.00(-!73)
7 96.69(+19) '3.'9(+35) 0.18(+50) 0.03(+81) 0.00(+149)
3 97.13(+93) 2.78(+174) 0.07(-105) 0.02(+33) 0.00(+38)

9 97.41(+1/44) 2.52(-33) 0.07(+134) 0.01(-69) 0.00(+104)
10 93.07(-10) 1.Ss(+140) 0.03(+15) 0.01(-89) 0.00(-129) 0

11 93.33(+15) 1.55(+54) 0.04(-143) 0.02(-41) 0.01(-45)

12 47.35(-28) 2.10(-53) 0.06(-15) 0.00(-65) 0.00(+52)
13 8 .49(-20) 1..3(-27) '.03(-101) 0.00(+131) 0.00(+167)
14 93.25(+27) 1.69(+49) 0.05(+78) 0.00(+49) 0.00(+138)
15 96.94(+104) 2.88(-156) f).16(-58) 0.02(+70) 0.00(-76)

16 9-.I(-169) 5.27(+9) 0.47(-169 0.04(+31) 0.00k-1 17 )
17 94.33(-92) 5.3h (+164) 0.27(+67) 0.03(-25) 0.01(-108)
1 95. 1 (-19) 3. 97(-44) O.IcJ(63) 0.02(-73) 0.00(-81)

19 99.66(-140) 0.29(-73) 0.04(+85) 0.01(-16) 0.00(-149)

20 (9.84 (-180) 0.04(+90) 0.]0(+9) 0.01(-98) 0.00(+10)

21 99.49(+1713) 0.47(-29) 0.02(+25) 0.02(+143) 0.01(+16)
22 q6.75(-135) 3.07(+70) 0.19(82) 0.09(+7) 0.00(-170)
23 93.83(-70) 5.91(-149) 0.24(+151) 0.03(+37) 0.00(-2)
24 89.49(+3) 9.5()(-9) 0.84(-13) 0.15(-3) 0.03(+37)
25 83.33(+83) 10.37(+153) 1.12(-132) 0.11(-39) 0.02(+60)

26 91.54(+70) 7.73(-33) 0.65(+132) 0.08(-56) 0.01(+139) 0

27 63%1(-I2) .03(+122) 0.40(-8) 0.05(-104) 0.01(+171)

21 97.23(+145) 2.74(-71) 0.01(-103) 0.01(+11) 0.00(-107)
29 97.09(+84) 2./7(+13()) 0.11(+166) 0.03(+107) 0.01(+39)
30 9f-.6',,(+47) 3.00'0(+68) ,(0(+68) 0.03(+67) 0.03(+62)

31 ( 3. 73(+47) 5./ (+3) 0.49(+119) 0.04(+129) 0.03(+97)
32 ()3.2 3 (+30) 6.32(+149) 0.42(-160) 0.02(-13) 0.01(+33)

33 86.99(+145) 11.1(-91) l.03(+38) 0.21(+169) 0.01(+4)
34 77.45(-150) lV.O(+3q) 3.71(-122) 0.66(+34) 0.08(-66)

35 74.12(-76) 19.()9(-170) 4.41(+104) 0.90(+21) 0.13(-70)
36 75. c(+ ) +.- (-8) 4. 34(-13) 0.98(-15) 0.18(-19)

, Ocean g ag .

- 0
• . . . . . 7 . " . _- ... : ' - _ . . . .,2 . . , . .' . , _ ,'- . . . . • . . . . . '1
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4 S o

Distrli it I v h vc .11t l L t t lt- Lxper 1it'ltrI F Ici i t\ I

Inc ', , t I) it-{ [ ii 4 , ! : %' v(' f1j i 0ht ] 1 . ft

- -.~.' I: I' - ~I. It- I t h S w r-I- I 11!

P',rit-i' t I ' t it Ti i, g e (It'I . .- \AI r rt.igt'lltit N-

Fundment i" rs t Second Third Fo :rth

,ri,- ATa rronlc Ha rmon i c Ha rme qic
Gage s.__ ' sc 0.33 sec 0.25 sec 0.20 sec

1* 0.n+ 6. .06(-163) 0.12(-9) 0.01 (+92)
+1 'q .(-I;) . 5(-27) 0.05(+105) 0.00(-137)'
+( I I. , 3 ,0.0)7(+121) 0.00(+25) 0.()0(+161 3

- + I. C7-1) .3"?(+') 0.07(+15 0.0 1(-3()) S

. - o.'}-,(-0) 2,42(-92) 0.04(+131) 0.0,)(+2

*,, -:. "K - -, ' *+.' - 11,) 0. 7 4(+162) 0.06(+1'6 0.0 (f) ,
11 ya, . / A. 7< (+,) 0. 32?(+16) 0.01 (+17) 0.01 (-2
12 1* 4 (2', 2 (-5,6 .49(-16) 0.03(-7) 0.01 (+1 )

, ~~~- q .',, . *. , -q) .2 (+1()9) 0.04 (-66) 0 . )) +I I-,
4 ),'! I1, ; ( l S .' ( 3 0.03(-106) 0. ) (-Iq l

Q1 S . % + I , , ,q +37 ().J h +3 ) 0.01 (-104) 0.,f) 1(-2)
1"2 ,1'4 4 . i-' -. 1(- ).9 (-7h) 0.06(-116) 0.01 (-12-4)

13 93.U2 (-1,) <r3(-27) 0.41 (-36) 0.01)(-52) 0.01 (-5,)
14 97.43(+1 1) .42(+51) .14(+37) 0.01(+33) 0.00(-159)

15 91.12(+i9) 8.30(+163) ).53(-105) 0.04(+22) 0.01(+33)

16 30.1 ,+] 7.. 0. '(-3?) .22(+135) 0.10(-64 0.01 (+16

17 3i.5')(-10A) ,.),(+15) '). 3 n( l9 ) 0.1l(-31 0.31 (-170)
18 0*7 .! 3 W). (-3 1).7 (-92) 0.01( .O ((-1

21 V3*q3(+1 , '. , (-49) ).(3'((123) F.Jl(-iY) ,). g)i+V I

22 3.,( -i ,+ ,, 4-Vt ,).,(-1)2) t.0)(+Q2) 12.l
21 ( . (/ - a + 1 " / 17.) 1. 7-2(+g0) 0).21 (-1k)) 0}.0 - 1

2- 1 .41 1 . (-1) .6 )(-M5i) 11. i(- I() ) 0 . I' 1 § ,

,,2)7 , t+., I ! . 1 3 .5 (+147) 0.5h(-1,') . _
* -*, . , . ",(--;, 2. '_(+60}) 0.32(-1s7 )0. v-2~ t -

'7 -• (' ,. *-' , 1.33(--1 0--1 77) . ,

,I. , . . .... + ,, 0I .q+1 3 0]!1 + n +

.. . ,,. .. ,,±'(+ 6) 0.27 (+ 1 ) I. +
', * : ,*' . ' +171) 0. 3' -130) , , , '

,. . '.', . . . . .. .. . l (-q l) 0 .46( +6 1) . I, ,
34 ,, . , - . .1, , n.n-q(.i1 ) 1.90(-9(0) 9.51(+33

3. , ( ' - ., '--I 0q) .20(-l+ ' J. 3 (33

. . .9 n
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D i.s t r ih itt i. f, , + ,,, h : , , .,- l l t 11i , i ,. I I' F,. , I., t I It '. v 10 -d e g

l I~ l .~ [Ii; c ii. .I it 1 . : )< , '+ , + .\ " / h0 70 1 t

t.

i .- trd ! r t

I L.C 0 . r() sec

. -7Z3)

. .. ". ... -i ) (I(1(+ 1l

- . .-. 1 . " (+ r),_, ) O.nl (-2!,+
'0.01(451)

1 , .- " .I +-4 0.01(-103)
1I ' - '. (- •  . '++ 2L3) 0.01 (+52)

12 .... _ (+! , (-81) 0.08 (+111
I *. j f) L-)' , . L4 -7) (.2 (-91)

-. ". (-3) 0. Of) (-104
15 .2 . l--! ( I;.] (-4+,,) ('10 (-7 4)

b ". * . .. , ( -I i 1 0.01 (-1 59)
i - , . ,--' ) .1 --I 31) n .'.T(+1 4

r-.. - , -'r7) W ,(-106)
19 , .- •-. - ') 0 1 (+!0)

21 -. .- .) 7 .( :... (-14 ) .0 1 (+1 1 7

22 'q -.. : 19 ). ( _99-gO

23 .... + ". 0.O ( 168
24 ... " . ' , )2, 0.(0(-99)
25 . , K (-<.0) 0.00(+177)

26 ". .* _ 0.0L(+91)
2 + 0 .01 (+24)

- . '1 ("- J0.02(-2)
, 0.01("-2)

0.01 (-114)

i .- I ' . ..), 0.02(-31)
3. . " ', ', , 0.02(+11 1))

! ,.,, :- ". .01 (+173)
.' * -.+,,) O.06 (+1 35

)% , i -. -- .-+ .. 1( (+86)
', + 1 (.12 W

.4..



.r.

Dis 0i u ,1 1 v K tfg oIIgIk t th

Dist ri hut , i \4iw, fmr~ityg Thlir'u, t the Experimental I- acilIi tv 3(-,h'g

In (I t I I(, ti I .f: P ie I 1.-5) , , ()cean Wave Height 0 070 t t

'Ir- !k r ki t Ang I with Shoreline

Pe r cen ,t I ,t i i , r v .,d I'hn. An l e (deg) , Arrangement No. 2

Fund:ivent:V t 'irst Second Third Fourth
Pc r iod 1!i roon ic Ha rmonic Harmonic Harmon ic 0

_ .___ ____ .7 sec (.5() sec 0.38 sec 0.30 sec

1* . {± I, 2.77(-U7) o.00(+140 0.00(-75) 0.01 (-173)
2* +17(+'O7 r.W,,_) . 1 7(+131) 0.00(-79) ().00(+93)
3 9 . (-)4 ) I.5(+177 0.11 (+91) 0.01(-174) 0.06(+55)
4 q4. 1( 9) .7i(-I K 0.O)6(+99) 0.01 (+77) 0.03(+111)

5 .o9 (-5 1 .90 (-,,6) 02 (+16) 0.02 (+57) 0.00(+77)

O9.,7(-lh) 0.4(+16) 0.(7(-11) 0.00(-43) 0.00(+146)
7 99. 34 (+34) 0.07(+127) 0.09 (-39) 0.01 (-38) 0.00 (+0)
3 99.77(+h) 0.15(+9) 0.(3 (-169) 0.00(+32) 0.00(-2)
9 99.95(t! 7) 1.0 (+171 0.()1 (-157 0.02(-127) 0.00(-37)

10 97.)c(+175) 17(-99) 0.23(+26) 0.00(+70) 0.00(-77)

11 96. * 2 (+),T) 3.29 (+129) 0.02 (-139) 0.05 (+134) 0.01 (-99)
12 '6.3 +27) 3.53(+67) 0.01(-115) 0.03(-36) 0.06(-21)
13 98.04(+i3) 1.-1 (+97) 0.02(+143) 0.02(+168) 0.12(+42)
14 93.67(+52) 1.13(+152) 0.13(-148) 0.01(+30) 0.01(+41)
15 99.52(+94) 0.27(+149) 0.20(+119) 0.00(+145) 0.00(-97)

16 9 19 + 1 1 . 70(-1 2I ) 0.11(-17) 0.01(+170) 0.00(-124)
17 96.83(-103) 3.11(-34) 0.05(+71) 0.01(+177) 0.00(+27)
13 o4.--0) %.0(+1) 0.54(-103) 0.04(+92) 0.00(+23)
1 7 .4 (-177) S2.50(+35 0.02(-111) 0.02(+17) 0.01(+64)
29 (+l-3 3.2(-2) 0.0(+120) 0.02(-163) 0.02(-8)

21 97.' 41 (±4 ) 2.32(-4) .05 (-122 0.11 (-69) 0.12(-29)
22 4 0 7 0.21 (+6) 0. 02 (-35) 0.00(+115) 0.02(-56)
23 99.5(-1 ): 0J.9(+2) 0.35 (-164) 0.02(+103) 0.00(+10)
24 94 .24 14) 5.7i (+93) 0.03(-19) 0.02(+113) 0.01 (-14)
25 071.i (-47) 6.6-, (-1561 1.03(+122) 0.07(+37) 0.02(-21)

26 9. (+'3) 0.71 (-42) 0.F7 (-45) 0.05(-71) 0.01 (-152)

27 98 z. C ( io.oi (+55) 0.50 (+7) 0.03(+77) 0.00(+85)
2-) -, .4l . (-H.0I()53 0.02(-100) 0.05(-14 7.

01. .1 (+00) 0.01(+1 8) 0.H0 (+()4
, S r-. ,. --~'' , ' (- ) 0.01(+116) 0.03 (+

.' ~ ~~~ (+I(q( $ S, ! li ) !. l + 52 0.10)(+q8) n. o () 'I)O

31 , ., . ,.' - 4 , - 5 0.03(-129) 1) 00 (+1"2
34 ,3 . -(1.75(+14) 0.22(+23) 0.02(+5)

35 7.T76 +'1 .) 7(-162 0.61(-09) 0.14(-30)
36 05 1( ' . 1 , , ' - I) (.7')(+91) 0 .2 I- '

":; ri gt, ,j y,'
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Di st ri but i [ t N.i t 1w , in % V~ ~p er a 1 ~ c i Ii t

I IIi ent f j,11 1 ,1 1
)-IHt ,ll Wave Hieight -- 0.10(, ft 0

-- , ' t-' Ith Silore I fi

Percent 1 Vtnl ". r c' f: (deg) _ Arra11'emenllt 2

Fu nd, - t 1 :t Second Third Fourth
Per ,d i 1 ,, I c Harmonic Harmonic Ha rrmon i c

Gag. )0 (."10 S sec 0.38 sec 0.30 svc

I" (,4 + , -'7 f.()H (+l1 ) 0.01 (-86) 0.13(+90)
2* 9". 1S 1 .', -09 t. 24 (+!10) 0 .n 3(-4 (1.01 (+43)
S I+I IU ( . +j'(i '(.(b(-175) 0.03(-53) 0.i,3 (+7)

-f 4 - . -t 1r') 0. (+88) 0.02(+26) 0.00(+153)

-) 0.15 (-75) 0.00(+102) 0.00(+'>,)

h-I 4 (+30 .4(+3) 0.01 (-52) 0.00(-11
7 () .,7(' Q 1 .0 -1 32) 0.26(-133) 0.03(-115) 0.00(+11 )
9 (q?.71 (+1. -Sg. 0.1C(+'1) 0.01(-165) 0.00(-19)

', 1.. *1 7(-75) 0.01(+97) 0.00(-14)
- (+12) 0.03(+133) 0.00(-27

11i i. (+ + I 3,) 0.12(-130) 0.03(-11) 0.02(+104)
1 .' , + + . ( 7," (. ,(+i112 0.16 (+125) 0.01 (-74)

Q0. 5) ,. (+9 " ( 162 0.01(-40) 0.02(+12)
4 96.35'+Th) 3. ,  (+ 4) 0.13(-160) 0.01(-135) 0.00(-102)

15 9 9.i<±97 . - 3A,(+82) 0.02(+133) 0.01(-23) 0

16 98. 39*1 1 ' (4 '0) 0.04(+87) 0.00(+20)
7 . - x) -- I k_' (+1 3 0.02(-56) 0.00(+73)

(-I OI) , 10) 0.07 (+98) 0.01(-56)
t', ,,. ' -1- : ... . ,Ir-- ( 0()00(-152) 0.03(+70)

* s. . si ) + 2 1) 0.01(93) 0.0 (-15 1

, '~- ,"if).... .( I(*l) 7 0.04(-128) 0.03(-58)
24. 1 s- 3K" 3,-75) 0.04(+125) 0.01(+3)
13 ('( . "-I',) .13( 13 . (9(+ H 177) 0.07(+31) 0.00(-161)

2. . ........ ,, (-,h 0.02(+178) 0.00(+39)
. . ... ,. " 112) 0.19(+38) 0.04(-38)

I - '.--, .9 (-,, ) 0.0,3 (-81 ) 0.11 (-10EV

- 3.) -[4' 1 93) 0.4-(+lO) 0.10(+144)
2" I1 . ) 0.3 1) (+152) .)Il (+10

...110 (-0 7) .1).(-1 1
-i - (.'Od -57 ) ,',.i'q(+4-03,

-1! , 0.101(+121) 9 */ 2 -1 3) S

1 - 4 0.13 (+40) 0.3 -7)
3' 93 ix i- .- 3 -118) 0.91 (-1,2) 0.11 (+14

, I '

4 0,
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-- K ~1 1 t Ii SI< f I j7

'I t t (K' ) Arri rigt mn t

Fundament a rs t Second Third Fourt
rKn r, H~rnic Harmonic Har-'nc •

(3;. ' ,i , / 5(, sic .33 sec 0.3r )

2* ':,., (I1 ,' '-2) 1.1 3(+1'30) 0.02(-51) (j.02(+7

3 3. 7(-7 .(-1 Y4 . 17(+171) 0.29(+17) *3+ -9)4 . 9~ 3 3 (34, 1.Is(+1()() 0. 12- (+ 5 9 00

5 1 (-- 11.,41 (-57) 1.' 2 (- 7) 0.11(-112 0. ,-,1 _7

5 92. >(-) 7..[(+40) J.47(+73) 0.04(+107) 0.00(+1

7 839(+47) 3.c 3(+142) 0.74(-142 0.11 (-95) 0.0(-4)

-5 9-,. (+19 .-; (-97) 9 .3(V(+77) 0.04(-158) 0.00(-SI

T9 .,- I+J7,) .3 (-69) 0.07 (+73) 0. .0(-1" r-
ij9 Q3 3 1- )) .. 39-.W C.43(+I01) 9.02(+173 0.01(+3' ,

71 .- 7. 6 ( +i- ) I'} It (+1 qe) 0 90 (-94 ) 0.17 (-55) 0 .09(- 5 )

12 +4. (+44 1 .3(+93) 2.24(+12f) 0.05(+176) 0.03(-!69)
13 '-.).(43 1 4 (+102) 1.'3(+103) 0.23(-120) 0.03(-17)
14 90.1()(+!)0) 1 .t1 (+171) 0.25(-115) 0.03(+12) 0.00(-171)
15 97.69 (+10 : .h6 (-1,,2) .57 (+37) 0.06(+140) 0.01 (-116)

1 93.27 (+1 55 . -73 -1.21 (- "3) 0.11(+57) 0.01 (-162)

17 96 . (-12 . (+10) 0.(+1-4 9) 0.09(-21) 0.01(+1-7)
1", !1)(+- ,) . 5(45 0.22(+165) 0.02(+12)

1(1~~~ 0q. 0 - % l -/+ ;) U '2.04 (-,94 0.11 ("-3Q')

2 3 7.3 (++i.1 ) )(..-1ja') 0.2q"+43 0(-)

21 1 .72 (+1 'I1l) .. (+13) 0.01 (+39) 0 .2 (-14 "
I/ n7.9 0- , 1. - , i ,. I Q (+,I)t) (). [O (-1 3r,)

23 97.1)7 (-1 10) 1. 1 (+. 4 (.h1(+3 ) .19(-29) 0.04(- '1t ,  I
24 3t (2-.2( ) .1I (+1) .*°, (-31) 0.4)(-139) 0.13(+ 1 )
25 .- 4 1 1 * _-7 3 . (+14(3) 0*.4(+7) I). 13(+I11

* , ,*'( I I7. 1 ' -h '.. , . ( 1

'2') V% - ',V ... .]7 ' -H1 f" .0 i(4 " -'

31 q4 I 7 -- 1-( 1 " ") - -1
3+ I

'  n n +2I

'V 4 ( '" ' + ' . . ....17
1 +, +

3 '3+

... . .....
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K Arbitrary radiated wave parameter for straight breakwater, 1/ft
t
L Wavelength at arbitrary location, ft

L0 Incident wavelength, ft

L Wavelength reflected from breakwater, ft
r

L Wavelength radiated from breakwater tip, ft
t

n Ratio of group velocity, c , to wave celerity, c , dimensionlessg .

P Rate of wave power transmission, lb/sec

r Radial distance, ft

r Phase function parameter, ft

R Phase function of waves radiated from curved breakwater tip, deg

R Phase function of waves radiated from straight breakwater tip, deg

s Bottom slope, dimensionless

S Phase function of incident wave for curved breakwater, deg

S Phase function of incident wave for straight breakwater, degs

S (p ) Fresnel sine integral, dimensionless
2 1

Phase function of wave reflected from curved breakwater, deg

s Phase function of wave reflected from straight breakwater, degs

t Time element, sec

T Wave period, sec 0

uI  Diffraction integration limits, dimensionless

u2  Diffraction integration limits, dimensionless

u Two-dimensional horizontal velocity vector, ft/sec

x Horizontal direction in Cartesian coordinate system, ft

y Horizontal direction in Cartesian coordinate system, ft

z Vertical direction in Cartesian coordinate system, ft

y Arbitrary parameter, dimensionless

6' Battjes wave number correction factor (a + a )/k 2a,
dimensionless

fl Local water-surface elevation and complex wave amplitude, ftF Arbitrary wave angle, deg

0 Incident wave angle, deg 0

0 Reflected wave angle along breakwater, degr

0 Radiated ;ave angle trom oscillatory point source at breakwater tip,

1 . 1415920,54, di mensi on less -
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0 r j, l (,FJ T . -s C 1 "
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I F (AFIS(P 1- P/P .LT. 9.0()5 ) GO TO 77? -
GO T 0 771

772 SCD=Pl*SlN(AREF(NN))

1 F 0 1 )

I F K5 N F. N N S T PlA 9S(x 1 X3/K 1 -N N)I
IT EN KT ~1 DC:-1

RAYI I=O..SZSD/SQRT (P1 *.2-SCD**2)*(-1 .- C.STON
P1i41I [ ~T PN 1.) 1 DC*SQT(P1 *.2-SC. .
I F E'P QC K 1 K I

I F (i% .E. K I) K<1 -N N

I F K .Lr T ) < <(

I F J ' K 1 X X I
1 F (x FO X) 6O To 0 88

I(N 4 'E.K 1) X S T P N*DC +X 3

IF C (L .EQ. 1) Go T) S83
r R

5
YTIIRAYII-DC/SQRT(P1..?-SCD..2).O.5.STPN*SCD

PHAII=P4iAII-DC*SQRT(Pl..2-SCD**2)*0.5*STPN
883 H= DE P T 1( X
88 Pl=P- (G.P.TANH(P*H)-f2)/(G-TANIH(P*H),6.P*H/

1 CO0S H ( P H ) -2)
IF (ARS((P1-P)/P) .LT. 3.005) GO TO 881
o~p1
GO TO 93?

81 IF C (SCD/P)..? GOT. 1.) G0 TO 88?
R A YI 1-RAY 11-DC/S Q RTC l1* 2-SC 0*2) ** ST PN*SC 0
PHAI I=F IAII-DC.SQRT(P 1**2-SCD**2)*.5*STPN

589 CON4T INUE
Y R E C NN)=YBW ( N N) +RA YI I
S R F N1) =S N)+A3S (PHAI I )*ABS(X3-X) /(X3-X)*SCD.(

1 Y AC ( 'J*J ) - Y BW CNN)

G3 T) ??9
888 YR ENN)=YBW(NN)

SRE( NN)=SO CNN)
779 WRITE (10,M3) NNpYRE(NN),SRE(NN)
777 CONTINUE

GO TO 83
887 D3 99 J-1,'dN

m M I zm+ I

S REC ) SRE (AM1 ) 45 O.

R E f( K M)1SCO
W RI TE (10,230) M,*YRE(M),SRE(M)

999 COIN T INUE
S 1 =S C D

-- -- -- -- -- -- -- --- ---- CIMUTE WAVE NUMOE R AT THE CROSS SEC T IN - -'----
83 HtDEPTH(X1 )
16 P1 D- (G*'*TANHCP*H)-F/)/(G*TANH(P*H).G.P*H/COSH(P*H)

1 .'.2.)
IF (AFS(Pl-P)/P) .LT. 0.005) Go TO 17

GO TO1 16
1 7 WN CS aP I

AC S:ARS INC SC I/,NC S)
C----------------------- COMPUTE AMPLITUDE RATIO DUE TO REFRACTION

84 A'lFmSoRT(A0S (WNCS*C3S (AI. PI/1 80.)/WNI/COS(ARSIN(SCI/WN
1 CS)) i(l.42.*WNCSeDEPTH(Xl)ISINH(2..WNCS.OEPTN(K )))))

AM FvA4lF .$ORT(1. ?. *WNI/SI NH(2 * WNI))
WR ITE (10#65)

65 F3R4AT ('O'#'A4PLITUDE RA TIO DUE T3 REFRACTION ONLY*)
WIRITE (10*1)0) A4F
w I TE (10,64)

64 FjRM4AT ('0''ANGLE A OF I NCIDENT RAY AT TNE TIP')

B5



-.- -, ---- J

r. - - .

wRITE (1n 190) AT

C ------------------------- CMPJTE WAVE NO'S AT GAUSS QUAD. X-POINT - -"--------

DO K

A3=('IA0)!?.+(T1-X0)I?*.GAUSS(1,K) S
7 H =D PT I x, )
R - -(, T t. ( ! - CI ( - ITA '414( P -H)+ P H/(C 0SH(P H)

IF {A 3SL I-P)/
2
) .LT. 0.005) GO TO 9

P=PT
P p . , -I , "

K K e,," + 1

XAG XA 1 + y- IA G

G " TO ?
11 A C2 K) P

6 C INT N NU

- - .-- L[ CLAT P Ip CIDE-'1T WAvE PAY PwASE INTEGRAL FRO'-

C -- ------------------- TIP x-SEC lION -- -......- --..- .--.----------------------

D'HA I =L , 3

PHAI I=PHA I I+I(CITAN(APSIN(SCI/WN(2*L-1))) CDTAN(ARSIN(

1 S C /wN *t) ))) *SC I AUSS (2,L). (XI-y0) 12.

12 C O TI) I 'jE

WRITP (1 ,6 )

6 F3A .1T ( ',' A NGL A ( D G) Y LOCATION AMP. RATIO DtR

1 . )F A VFS ) 1
C -- ---------------------- E'QE SCALLING LI'IT ------------------------------

'11 =A I/AS
M 2 =A /AS

C - -------------------- ENTERT SCANNING LOOP -------------------------------

D0 13 M , 2

A =A 3
IF CA . )32 T' 19

IF (A . O . 1 . , 0 TO 13

IF( A . . 70.) T0 TO 13

IF (A A. :,-R ) S3 TO 13

C --------------------------- I TIALI - -
V,4AI D= z

R A V I D

A 'C C S =A R S I N (i D S I N C S)
C-- ----------------- COPJTE DIFFRACTED RAY R AND Y INTEGRALS FROM

C -------------------- TIP TO X-SECTION ----------------------------------

D 02 1 5 'J=1
P.I Al 0--P A 10* ( C TA (A Q SI 1 ( S /aN (2 N- 1 COTAN (AR S IN(

1 D / .% ( 'I ) ) *S C D. r, jSS (?,N) (X - O) /?*

A I V I I= ' Y Df ( TA (ARS IN(SCO/WN (2*N-l ) ) )I AN(ARSIN( SCDI

1 ,NN(2-N))) ) GAUSS(2,N) (X 1-X
0

)02.

15 C ' T I 'I'J
Yr-I. *AAYII

C -------------------- C) 
P

JTE R -----------------------------------------

RAAS (~J I -01T + A2CS ( Y * C D ) !
---------------------. MPUTF -----------------------------------------

S=Ar A (p4A I I) * ( O-A ')/ (9O-A 1) + Y'SEI

IF (A .r,T T) T3 1. 6A1

IF (Y .T . EVA2(K? ) S rSRE(K?)+SK2*(Y-YRE(K2))
IF (V . T. YRE( 2 ) RE(=SK2

IF (Y .LI. YRE(1)) S =SRTF I)+SI*(Y-YRE(1))

IF (Y .LT. YPF(1)) P) K=S

IF (Y .S:. YPF(1) .ANt. Y .LE. YRE(K2)) GO TO 602

C) T3 613

632 DS 504 II,<2
IF (Y .LF. yPE(I) G0 TO 605

604 CONTINUE

635 IF ( . C7 S I)) S F

B 6

t •



F (y I * YRE(I R PF < qFK([
IF (Y .LT. YRE( I)) S=(Y-YRE( I) ) SRE( -I)-SRE (I))

I I(YRE(I-1 )-YRE( ) SRE( I

IF (V ,LT. YRE() I REK=(V-YRE(1))I (REFK(I1) REF(( ))
(REFK(I-1)-RFFK(I))+REFK(( )

GO TO 605
601 IF (y .ST. YRE(1)) S3=SRE(1) SI. (Y-YRE(1))

I F (Y .31T YRE(1)) REK=SI.

IF (Y .LT. YRE(K?)) SB=SRE(K2)+SK2*(Y-YRE(K2))

IF (y .LT. YRE( ) RF<=SK2

IF (y .GF. YRE('2) AND. Y .LE. YRE(1) GO TO 606
GO TO 603

606 DO 607 I1,<2

IF (Y .GE. YRE(I)) GO TO 608
607 CONTINUE
608 IF (Y .EP. YI E( )) SB=SPE(1)

IF (Y .EI. YRE( )) REKR FK( ) " F
IF (Y GOT. YRE(I)) SR=(Y-YRE(I))*(SRE(I-1)-SRE(I))

I / (YRE(I-1 )-YRE (I ))+SRE(I "
IF (Y .GT. YRE(I ) REK=(Y-YRE(l)I*(REFK(I-I)-REFK(1))

1 /(YRE(I-1 )-YRE(I ))+REFK(1) 

C -------------------- ASSIG SIGN OF THETA, THETAB F3R DIFFERENT REGIONS
C -------------------- IN THE FIELD ..............

603 [F (AT GT. A-R) GO TO 653
IF (A *GT. AT) Fr)I-1 .
IF (A .GT. e3 R) FD1=1.
IF (A .GT. A90) FD2:1.
IF (A .GT, AREF(<O*1RO./PI) FD2-1.
GO TO 35

633 IF (A .GT. AqEF(K])*190./Pl .AJD. A .LT. ABR) FD2=1. S
IF (A .GT. ABR .AND. A .LT. AT) FD1=-I.

L --------------------- CALCULATE THETA, THETAB ---------------------------
33 TH4TA=SORT (Z-S)

IF ((R-S3) .LT. 0.) GO TO 13
THETA 3=S RT(R-SB)

C - COMPUTE SINES AND COSINES OF S, SB ---.-------------

ESS=SIN(S)

ESC=COS(S)

ES3C=COS( SB)

XX =THE T A 2
C ------------------.--.-- COMPTE FRESNEL INTEGRALS VIA SU3ROUTINE CS --....

DO 55 3 ' I,

CALL CS(CSSXx)
FI (NJ , ) C
F I ( N,?) =SS 

XX=TH;ET 3* * 2

35 CONTINUE

C -------------------- COMPUTE AMPL ITUDE RATIO ---------------------------
34 AMQ=AMF.SORT((((ESC4ES3C-ESS-ESBS)I2.+(ESC*FI(1,1)-SS

1 *FI (I,2))*FD1+(ES3C*FI(2,1)-ESBS*FI (2,2))*FD2)*2+ ESC

2 4ES IC ESS+ES3S)I/ .+(ESS.FI (1,1)+ESC-FI (1,2)).FD1+
3 (ES S -FI (2,1 )+ES 3C.FI(2,2))*FD2)**2)/2.)

AA1=0.S+FD1*FI(1,I) 5
AA2=0.5 FDl*FI(1,2)

81=0.5+FD2*FI(2,1)

8?: = . 5+FD2*F I (2,2)

C A -AAl *AA1+AA2*AA2.

C 2=31 *-1+a2*B2

D1=AA1*B1-AA2*32

D2=:1*AA2-AA1*32
C 3S 1 , SC * F SBC + ES S . I S IS

SSS=ESS*ES8C -ESCFSBS
DSI NYC 1*SCI-C2*REK+(SCI-RFK)*(D1,CSSD

2 SSS)
IF (ABS(REK) T. 43S(WNCS)) GO TO 9876

DS INX'C 1*SOTT(4NCS*NCS-SCI*SCI)+C2.SORT(WNCS WNCS REK *RE)
1 +(SORT(WNCS*WNCS-SCI*SCI)-SQRT(WNCS*WNCS-REK*REK)) (Dl'CSS-D2
2 *5S )

GO TO 3765
976 DS INX:SQRT(dNCS*WNCS-SCI.SCI) (C1*D1 CSS-D2.SSS)
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99.000 27.062 1.177 190.216
100.000 26.225 1.215 189.477
101.000 25.428 1.267 190.000
102.000 24.667 1.291 189.693
1 03.000 ?3.940 1.275 188.969
1 04.000 23.245 1.230 188.713
105.000 22.578 1.183 188.959
106.000 21.938 1.160 189.326
107.000 21.323 1.171 189.507
108.000 20.731 1.210 189.524
10o.000 20.161 1.257 189.575 - ]

1 10.090 19.612 1 .295 189.741
111.000 19.082 1. 314 189.802
112.000 18.569 1.310 189.359
1 13.000 18.073 1.285 188.533
1 14.000 17.594 1.245 188.436 0
115.000 17.129 1.230 189.547
116.000 15.678 1.159 189.947
117.000 16.240 1.131 199.135
118.000 15.815 1 .119 190.225
119.000 15.402 1.127 190.862
1 20.000 15.000 1 .150 189.415 0
121.000 14.608 1.186 193.823
1 22.000 14.227 1.228 1 9.951
123.000 13.855 1.271 189.695
124.000 13.492 1.311 190.316
125.000 13.138 1. 345 138.971
126.000 12.792 1.372 190.147 0
127.000 12.454 1.391 188.600
128.000 12.124 1.430 189.817
1 29.000 11.800 1.431 188.351
1 30.000 11 .483 1 .395 189.532
131.000 11.173 1.380 188.207
1 32.000 10.869 1. 360 189.276 0
133.000 13.571 1 .334 183.285

134.000 13.278 1. 333 1R8 .920
135.000 9.79 1.269 188.700
136.000 9.708 1 .231 188.419
1 37. 000 9.431 1.192 189.291
13S.000 9.158 1.151 138.141
139.000 8.889 1.139 139.427
1 40.000 8.525 1 .056 188. 742

141 .00n .565 1 .024 188. 708

42.000 F.109 0.982 189.854

14 .000 7.956 0.941 188.394

144.000 7.507 9.9)1 189. 56,9 0
4.o00 7.362 0.851 189.91

146.00 7.119 3.824 188.303
147.100 6.980 ,.737 190.308

148.00 6.644 3.752 189.963

1 4 .000 6.410 9.719 1R8.117
16.000 6.199 9.687 190.849 0
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1 51 090 5.951 0.657 193.272
1 52.000 5.725 0•62, 187.553

1 53. 000 5.502 0.6,1 190.958 A
1 54.90 5.?81 D9. 575 191. 175
155. 00 5.7'61 ,.551 186.741
1 56.000 4•4. 15• R 9.970
1 57 .9 4 6 2 5,1 6 192 .775

1 58.r)9 0 41 0•4,6 16. 959
150.3 9 1.•?. 4 q 466 1 7.290
16 • n .9j 3. 994 9•445 193. 374 0
1 61 . 9oo 3 . 7%5 J. 432 193. 259
162.000 3.573 7.416 1F4.885
1 63.0)9 3.372 9•4D1 1 92.041
1 64 0 0 •157 r) "9 ,7 195. 523
165 .009 2. 6 4. 374 198.374

16 .n33 2. 761 D.•61 133 .658
167. ?•.s.5 )0 0.50 197. 111
16 9.003 ?•5 3 .33 o  1?6 . 03
169., r9 2.160 0.329 192.006
1 7f qnn 1 .961 ].31o QI?5 . 426

1 71 . 900 1 . 763 .31 0 199. 444
*1 72.000 1 .565 9. 312 198.447 0

1 7 . O A3)9 0 .294 198. 702

1 74 . 9, 1.1 7?2 .286 193.672
1 75.00 0.076 0. 279 194.4 461
176.0 9.70 .2"3 195. 521
1 77.999 0.535 9.266 201.190
1 7)•. 90;0 .3 O .261 195. 506 0
179.0j, n 9.255 182. 298
1 71.9 -3., 5 0.2"5 31.580

I9.fl -0. 0 . 241 197. 383
1 83.rn( -0.5 , .236 186. 856
1 S.0 0 -0.7 9.23? 195. 187

. -.. 27f 9.22 295.809 0
16.090 -1.172 . 225 29l5. 2 54
17.nR7 2 -n .369 0.??2 205.018

138. ,30 -1.565 D.')18 ?35.284
-1. 763 9. 215 196.6 71L) .'1 -1.061 R. 21" '.365

l0l.0rn -2.16n ?.210 200. 96
1 ?.V23 -. 359 ?. 237 236. 106

D . 2.560 j.205 191 .716<K,..I -2.?7 I 0.203 128.340"

-;.964 I.201 205. 698
1 . ' -3.167 1. 199 213. 720
'* 7 lq-v. 3? 0. ! 7 238.663

1 .029 -?.S73 0.196 :'12.182
9o. q _ 0.785 0.194 204.668

?9q.ooo -3.994 9. 193 18:].818
2rl .9r -. 294 0.192 189. 190

22.Q'Y -4.416 ].191 211 .458

2 3. 939c -4.629 0. 190 212.071 0

Bi
B f 0,



204. 90 0 -4.944 .139 213 64?

?05.0 0 0-5.361 J.1 13. 79?
?06. 0,0 15.?1 S 1. Q! . 754
97). 000- 5.502 P. 17 1R6.,-)79 -

OF . (M - 5.7?5 D. 1k7 ?1R.2 7

00 'Jo- 5 .?5 1 1,. 1R7 1 4' .4 7

Definition of Program Parameters - -

Name Description

A Scanning angle

ABR Angle of tip of breakwater with normal to shoreline

ABW(1I0) Local angle of breakwater 0

ACS Angle of incidence at arbitrary cross section

ADCS Angle of radiated ray at arbitrary cross section

AI Angle of incidence at infinity (deep water)

AMF Amplitude ratio due to shoaling effect

AKR Amplitude ratio due to combined refraction and diffraction

APA Local angle of wave propagation

AREF(II0) Angle of reflected wave along the breakwater

AS Scanning angle step

AT Angle of incidence at the tip of the breakwater

Al Lower limit of the scanning angle (>90 deg)

A2 Upper limit of the scanning angle (<270 deg)

CS Fresnel integral subroutine

DEPTH(X) Water depth

ESBC Cos(SB) (Cosine of phase function of reflected wave ray)

ESBS Sin(SB) (Sine of phase function of reflected wave ray)

ESC Cos(S) (Cosine of phase function of incident wave ray)

ESS Sin(S) (Sine of phase function of incident wave ray)

FI(2,2) Output for suhroit ine CS

G Gravitational acceleration constant, 32. 15184 ft/sec

GAUSS(2,8) Location and weight factor for 16-point Gauss Quadrature

H Water depth

PHAID Integral part of phase function of radiated wave ray

PHAII Integral part of phase function of incident wave ray

PI 3.14159265359

BI I



Name __Description

R Phase function of radiated wave ray

RAYID Integral part of the location of a radiated wave ray

RAYJI Integral part of the location of a reflected wave ray

S Phase funct ion of inocid(ent wave ray

SB Phase f uCt ion of r ef I ccted wave ray

SCD Snell's constant for radiated wave ray from breakwater tip

* SCI Snell' s constaut for incident wave ray

SO(l]OJ Phase functtons of incident waves along the breakwater

SRE(llO) Phase function of reflected wave along XI cross section

STiP Step size of numerical integration along a ray by the trapezoidal
rule

1Wave period in seconds

THET Square root o f (R - S)

'UHETAB Square coot o f (R - SB)

WN( 16) Wave number atL Gauss Quadrature points

WNCS Wave niumber at arbitrary cross section

NLWave number at infinity (deep water)

W\'F Wave number a t tip of breakwater

XO X-coordinate of tip of breakwater

X1 X-coordiiiate of :rbi trary cross section

x2 X-coo rd iriate oit end (of tracing region (X2 > XO)

X G X-(oordiiiate of Gajiss Quiadrature points

4~ [iwI I mO) Y-coortl flt es ot the breakwater -

'YHk F If)) -coordinates t~ rtlected wave rays along XI arbitrary cross

S t (B'12
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